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Iron biogeochemistry in the waters surrounding the Crozet Islands, 
Southern Ocean. 
 
By Hélène Planquette 
 
The aim of this thesis was to improve our understanding of the natural iron fertilisation processes 
that can alleviate the High Nutrient Low Chlorophyll conditions normally associated with the 
Southern Ocean. The annual phytoplankton bloom occurring north of the Crozet Plateau (46˚26’S 
- 52˚18’E) provided a good opportunity to study these phenomena during CROZEX, a 
multidisciplinary study performed in austral summers 2004/2005 and 2005/2006. Particular 
emphasis has been placed on the sources of Fe to the upper water column, and on the different 
processes that drive the distribution of iron, such as mixing with deeper waters, advection of Fe 
rich waters from the islands, or particles and atmospheric inputs.  
A flow-injection analyser with DPD catalytic spectrophotometric detection (FIA-DPD) was first 
set up for the determination of total dissolved Fe (DFe, ≤ 0.2 µm) and careful assessment of data 
demonstrated the high quality of the information obtained in this study. Analytical measurements 
of DFe were performed in twenty vertical profiles from the North to the South of the islands that 
show evidence of a range of processes influencing the iron distributions. Most significantly, an 
enrichment of DFe (>1 nM) has been identified at close proximity to the islands, which suggests 
that the plateau and the associated sediments are a source of iron. Waters further north also appear 
to be affected by this input of both coastal and shelf origin, although dissolved iron concentrations 
decrease as a function of distance to the north of the plateau with a gradient of 0.07 nM.km
-1 as a 
result of dispersion and mixing. This gradient was then combined with short-lived
  Radium 
isotopes profiles, allowing the determination of a horizontal advective flux of Fe. Estimates of 
atmosphere and vertical fluxes of Fe to surface waters were also calculated. It was then possible to 
estimate a pre-bloom concentration of ~ 0.44 nM, which is sufficient to drive the inferred level of 
the new production in the bloom area.  
Labile iron has been distinguished from the refractory fraction of iron in the suspended particulate 
matter exported from the mixed layer by developing a two-stage leaching technique. The resulting 
solutions were analyzed using ICP-MS. By using associated 
234Th fluxes, vertical fluxes of 
particulate iron in both phases were determined as well as their residence times. Data clearly show 
that carbon export was linked to the iron residence time and enhanced in the northern region 
where iron inputs occur.  
This thesis therefore provides a comprehensive data set of DFe and particulate iron in waters 
surrounding the Crozet Islands. It also presents the first attempt to establish an iron budget that 
can be developed into a model and provides a good reference point for subsequent studies of 
natural iron fertilization processes that occur around these islands. 
  iii
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CHAPTER ONE: 
 
INTRODUCTION AND OBJECTIVES  
 
 
 
Over the last two decades, studying the role and the distribution of iron in marine 
ecosystems has been one of the most expanding areas of oceanography. Our knowledge 
of this element has been considerably improved by a number of major investigations in 
many parts of the world oceans and in different biogeochemical environments. Prior to 
announcing the main objectives of this thesis, various aspects of iron biogeochemistry are 
presented, starting with a brief history of iron investigations in marine systems and 
finishing with a detailed presentation of our current understanding of the marine iron 
cycle. 
1  Rationale 
1.1  A little bit of an iron history 
The initial ideas on the potential role of iron as a limiting factor for primary production 
were suggested by Gran in 1931, Hart in 1934 and Harvey in 1938 but it was only in the 
early 1990s that scientists were able to investigate the role of iron (see Chapter Two) after 
the advent of clean sampling techniques and analytical methods that allowed the 
determination of natural iron concentrations in seawater at sub-nanomolar levels. 
Curiously, whilst iron is the fourth most abundant element in the Earth’s crust, its 
combined high reactivity and very low solubility in the oxidised form reduces it to Chapter One – Introduction and objectives 
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nanomolar or sub-nanomolar concentrations in dissolved form for most of the open ocean 
surface waters (Johnson et al., 1997). Where such low iron concentrations occur in spite 
of high macro-nutrient concentrations, these regions are called “High Nutrient Low 
Chlorophyll” (HNLC hereafter). They are mainly present in the Southern Ocean, the 
Equatorial Pacific and the North Pacific (Martin et al., 1993; de Baar et al, 1999; Watson, 
2001) and represent nearly 40% of the oceans. The phytoplankton species in the HNLC 
zones behave as they do in areas of the ocean where the levels of the standard nutrients 
are low. John Martin was convinced there was something else that explained the absence 
of phytoplankton in these areas other than low nitrogen or phosphorus levels. Half a 
century after Gran, J. Martin proposed the hypothesis (Martin and Fitzwater, 1988; Martin 
and Gordon, 1988) that low concentrations of iron could be one limiting factor explaining 
the low primary productivity observed in these HNLC regions. This is known nowadays 
as the “iron hypothesis” (Martin, 1990a). To test this hypothesis, Martin sent his team to 
the Southern Ocean where they undertake incubations in which samples had iron added 
and others were left untreated for roughly a week, at simulated in situ light and 
temperature conditions. The phytoplankton in the iron enriched bottles flourished after a 
few days. He also measured the iron levels in seawater collected from these regions and 
found that they were exceedingly low (Martin et al., 1990b). This hypothesis led to many 
controversies (Martin et al., 1991) but Martin suggested that it could be possible to 
perform an in situ experiment, by artificially fertilizing the oceans by dumping tonnes of 
iron in the ocean. He argued that such fertilization would have a broader implication for 
climate. By stimulating primary production iron can increase the efficiency of the 
biological pump, by increasing the sinking of dead organisms and promoting drawdown 
of atmospheric carbon dioxide and thus possibly modify the climate (Martin et al., 1991). 
Such an iron addition experiment was conducted in October 1993 in the equatorial Pacific 
and was named IronEx-I (Martin et al., 1994) and was followed by many others. A 
summary of results is presented in the next section. 
1.2  Artificial iron addition experiments 
IronEx-I was the first experiment of a long series of such scientific investigations. 445 kg 
of iron were dumped over a 64 km
2 patch of oligotrophic water near the Galapagos 
Islands. The experiment was a success in that chlorophyll-a levels increased threefold 
(Martin et al., 1994). IronEx-II was performed in summer 1995 in the same area (Coale et 
al., 1996) and led to phytoplankton productivity enhancement. Such experiments took Chapter One – Introduction and objectives 
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place in other parts of the world’s ocean over the last decade to try and understand the 
relationship between iron and the biogeochemical functioning of HNLC regions. In the 
Southern Ocean, SOIREE (Boyd et al., 2000) was conducted in February 1999, 
EISENEX in November 2000 (Gervais et al., 2002) and SOFeX (Coale et al., 2004) in 
January and February 2002. The HNLC region of the sub-arctic Pacific was fertilized in 
SEEDS which took place in summer 2001 (Takeda and Tsuda, 2005; Kinugasa et al., 
2005) then by SERIES in July 2002 (Boyd et al, 2004). These experiments are 
summarized by de Baar et al. (2005) and Boyd et al. (2007): they all showed a significant 
increase in biological activity after addition of iron, therefore highlighting the importance 
of iron availability for phytoplankton communities in these types of system. However, the 
potential role of iron in carbon sequestration was demonstrated to be less important than 
expected (Buesseler et al., 2004; Blain et al., 2007). The possibility of performing large-
scale fertilization experiments known as “geo-engineering” or “ocean farming” to reduce 
the green-house effect has emerged in the last few years. This tantalizing option is offered 
by a number of companies (Planktos, Green sea venture, Climos) that are trying to turn 
the cultivation of ocean-based algae into billion-dollar businesses (Foucart, 2007). In 
addition to the fact that such an experiment does not necessarily enhance the carbon 
sequestration, these artificial enrichments cannot mimic the natural processes that are 
adding iron continuously and slowly. Moreover, these perturbations could lead to many 
unintended side effects such as a modification of trophic chains or release of other than 
carbon dioxide greenhouse gases, as pointed out for example by Chisholm et al. (2001), 
Johnson and Karl (2002), Buesseler and Boyd (2003) or Zeebe and Archer (2005). 
 
Sites of natural and continuous fertilisation by iron do exist where there is permanent 
interaction between water masses and margins of land masses; this phenomenon is 
generally called “the island mass effect”. In particular, enhanced phytoplankton blooms 
occur in close proximity to islands such as South Georgia (Atkinson et al., 2001; Korb et 
Whitehouse, 2004; Holeton et al, 2005), Bouvet Island (Perissinotto et al., 1992, 
Kerguelen Islands (Blain et al, 2001; Bucciarelli et al., 2001; Blain et al, 2007; Blain et 
al., submitted) and the Crozet Islands (Sedwick et al., 2002; Pollard et al., 2007a). These 
studies have provided the first insights into the concentration of dissolved iron in these 
water columns and the response of the phytoplankton community to natural iron 
enrichment.  
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A detailed knowledge of biological and geochemical reservoirs, along with the cycling 
and fluxes of Fe is thus essential to first obtain a complete understanding of carbon and 
nutrient biogeochemistry in these regimes, and then to determine the environmental effect 
and efficiency of large scale  iron fertilization of the ocean. 
 
2  The iron cycle in the modern ocean. 
 
Fe exists in seawater in two oxidation states. The dominant form of iron is Fe III in 
oxygenated waters, however Fe II can be formed in the upper ocean through 
photochemical (Rijkenberg, 2006) and biological processes (Maldonado and Price, 2000). 
The distribution of iron and its biogeochemical behaviour is driven by a complex 
combination of processes such as inputs, solubility of Fe(II) and Fe(III) under oxidising 
and reducing conditions, rates of chemical transformations, rates of transport within 
basins, uptake and release of Fe by planktonic organisms or internal cycling (de Baar and 
de Jong, 2001). Therefore, iron can be found in the ocean as soluble (free Fe (II) and Fe 
(III), weak ionic complexes) and insoluble inorganic species, dissolved organic 
complexes, colloidal forms, mineral particles and in living cells (Moffett, 2001). It is 
important to be aware that an arbitrary frontier has been defined, between particulate iron 
(>0.2  μm) and dissolved iron (<0.2 μm) (Wells et al. 1983), which appears to be 
complexed by naturally occurring organic or inorganic ligands (Rue and Bruland 1995). 
However, not all these forms are biologically available to phytoplankton in the water 
column. It is therefore necessary to determine the importance of the various sources, 
removal processes and speciation, when studying a particular environment. The major 
sources, transport and recycling processes controlling the iron cycle are illustrated in 
Figure I - 1 and are described below.  
 
2.1  Role of iron in marine biota 
 
Iron is a vital constituent of phytoplankton, because of its involvement in cellular 
metabolism. In cells, iron is present in more than one oxidation state. It is a catalyst of 
redox reactions and plays a major role in electron transport, in nitrogen reductase and 
nitrate fixation (Sunda and Huntsman, 1995; 1997) therefore having a huge impact on the 
assimilation of nitrogen by phytoplankton. Its presence in active centres of cytochromes Chapter One – Introduction and objectives 
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and iron-sulphur proteins, like ferrodoxin, makes it an essential component of the 
photosynthetic and respiratory electron transport chain.  
 
As the amount of cellular iron needed to support phytoplankton growth is higher under 
low-light intensities, phytoplankton requires more iron-based redox proteins for 
photosynthesis, leading to the growth of small cells (Moore et al., 2007). This can have 
the consequence to increase the grazing by the micro zooplankton (Henjes et al., 2007), 
thus minimising the loss of fixed carbon and nitrogen from surface waters in settling 
particles (algal cells or faecal pellets), and finally increases nutrient cycling and decreases 
carbon export. To understand the uptake processes of iron, it is necessary to be able to 
quantify the amount of iron present, and thus to identify the various input and removal 
factors. 
 
2.2  Sources of iron 
 
The sources of iron are multiple and of high complexity. Depending on the physical and 
the chemical forms in which iron enters the marine system, the impact on the 
phytoplankton will be different. These sources can be external such as rivers and 
atmospheric deposition or in the ocean itself, for example, by resuspension of sediments.  
 
Atmospheric deposition - The deposition of atmospheric aerosols to the surface ocean 
plays a significant role in supplying bioactive elements, including iron, and the major 
nutrients N and P to the remote ocean (Duce et al., 1991; Jickells et al., 2005). Natural 
sources from desert soils are believed to dominate emissions of atmospheric iron and 
aluminium, thus representing an important source of this micronutrient to many open 
ocean areas (Bruland et al, 1994; Duce and Tindale, 1991; Mahowald et al., 2005).  The 
largest sources (e.g. Saharan desert) are located in the northern hemisphere (Jickells et al., 
2005). However, the global distribution of atmospheric deposition shows large regional 
and temporal variability.  
 
In terms of biogeochemical response to atmospheric deposition, only the readily soluble 
fraction is presumed to be available for biological uptake, and it is necessary to know the 
aerosol iron solubility to assess the impact of this source. Current global ocean 
biogeochemical models estimate that Fe solubilities are between 1–10% when specifying Chapter One – Introduction and objectives 
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bioavailable Fe fluxes from simulated aeolian dust deposition (Gregg et al., 2003; Moore 
et al., 2004). However, measurements of iron solubility in aerosols and rain reveal a 
greater variability and in a much wider range from 0.01 to 80% (Baker et al., 2006; Fan et 
al., 2006). The “true” solubility of aerosol Fe is still largely debated and this solubility 
related to the fraction of deposited Fe that is available for phytoplankton growth is still to 
be investigated (Jickells et al., 2005; Mahowald et al., 2005). A number of factors such as 
for example, the type of the aerosol source (Spokes et al, 1994), the suspended particle 
concentrations (Bonnet and Guieu, 2004) or the pH of rainwater (Baker et al., 2006) can 
influence the solubility. High Fe solubility has often been measured at low dust 
concentrations (Chen and Siefert, 2004). As dust concentrations decrease with distance of 
transport, Fe solubility would appear to increase with particle age in the atmosphere 
(Baker and Jickells, 2006). As for HNLC regions, it seems that atmospheric deposition 
may be important enough to relieve temporarily iron limitation (Blain et al., 2004; 
Planquette et al., 2007) although the atmospheric inputs are estimated to be small (e.g. 6% 
of the total dust input in the Southern Ocean, Jickells et al., 2005). In rainwater, the 
solubility of iron is estimated to be 14% at pH 8 (Baker et al., 2006). Therefore, even if 
70% of the atmospheric deposition is dry, wet deposition dominates the flux of soluble 
iron in the ocean (Jickells and Spokes, 2001). 
 
Riverine input – Riverine inputs are also variable and are relatively important in the 
global iron transport (Figure I – 1). Following mobilization from soils and rocks, iron can 
be transported via rivers to the coastal environments. Particulate and dissolved iron 
concentrations in rivers are typically in the order of 1 mM and 1 μM respectively ((Ussher 
et al. (2004), Figure I -1). The increase in salinity and the presence of the major seawater 
cations lead to the flocculation and sedimentation of both phases (dissolved and 
particulate) when they enter in contact with seawater. These processes reduce the flux of 
iron to the sea by about 70 to 95 % (Sholkovitz, 1978). Rivers and land run-off are 
estimated to deliver approximately half of the surface global iron input to the oceans, 
despite a high percentage of mobilized iron being lost in estuaries by scavenging. 
Although this pathway is likely to provide the main source of bioavailable iron to many 
coastal and shelf waters, the proportion of soluble iron originating from land run-off 
transported to open ocean remain unknown, making it difficult to estimate realistically the 
actual input (Ussher et al., 2004).  Chapter One – Introduction and objectives 
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Hydrothermal activity -The two metals most enriched in hydrothermal vent fluids are iron 
and manganese. Vent fluids are strongly enriched in iron (1mmol L
-1), a million times 
greater than open-ocean values (Statham et al., 2005). When these metals enter the ocean, 
they are instantaneously cooled from temperatures greater than 350 °C down to 
temperatures lower than 30 °C. Precipitation of a range of iron rich metal sulfides occurs. 
In addition, high concentrations of suspended iron oxyhydroxide particulate material are 
precipitated (German and Von Damm, 2004). The hydrothermal inputs of iron and 
manganese, consequently, is argued to be essentially all scavenged and removed in the 
deep sea prior to have a chance to mix back into the surface waters (Bruland and Lohan, 
2004), although this inference is yet to be fully demonstrated. 
 
 
Figure I - 1: Global iron transport 
Ambient concentrations of dissolved iron (dFe) and particulate iron (Fe) are in white boxes and 
approximate annual fluxes are shown in black and white arrows. Riverine flux is estimated on the basis of 
90% loss from estuarine mixing. From Ussher et al., 2004. 
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Sea-ice melting - In polar waters, melting of sea ice can release some dissolved iron, up to 
concentrations greater than 1 nmol L
-1 (Grotti et al., 2001; Sedwick and di Tullio, 1997) 
but this input is very localised. The mechanisms releasing dissolved iron from particles is 
still unclear, and a recent modelling study by Tagliabue and Arrigo (2006) reveal that 
photoreduction is the key process governing the supply of bioavailable Fe to the resident 
phytoplankton in the areas affected by this type of input such as the Ross Sea. 
 
2.3  Removal processes 
 
The removal of iron from the upper ocean occurs via two main pathways: biological and 
physical processes and are described below.  
 
Biological uptake – Due to its involvement in biological cycles as previously described in 
Section 2.1, iron is usually highly depleted in surface waters (Bruland and Lohan, 2004). 
Depending on the plankton species and on the initial concentration available the biota 
adopts different strategies to acquire iron (Whitfield, 2001). Consequently, species have 
different minimum iron requirements for growth (Sunda and Huntsman, 1995; Price, 
2005), depending on the location, the time of the year and the possible competition with 
other species (Hutchins et al., 1999) thus making iron requirements and uptake hard to 
define (Martin and Fitzwater, 1988). To further complicate this aspect, there is still an 
inability to define which forms are bioavailable to cells and some external influences on 
the iron availability such as light (Rijkenberg et al., 2005) or chemical speciation 
(Gerringa et al., 2000, 2007) can also affect the bioavailability of iron. These influences 
will be discussed in Section 2.5 of this chapter. Several assimilation and uptake 
mechanisms have been identified. For example, there is evidence that diatoms manage to 
extracellularly reduce the organically bound Fe(III). This reduction promotes the 
liberation of Fe(II) which can then become available for assimilation (Maldonado and 
Price, 1999; Barbeau et al., 2001). In regions where the phytoplankton community is iron 
stressed, iron must be recycled very rapidly by the biota. One consequence is that an 
individual iron atom may be in a different form each day (Bruland and Lohan, 2004). 
Interestingly, it has been argued that Fe(III)-binding organic ligands observed in the deep 
sea (Rue and Bruland, 1997) play an important role in allowing the dissolved iron in the 
deep sea to exist at concentrations on the order of nmol kg
-1. Uptake by marine Chapter One – Introduction and objectives 
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phytoplankton for primary productivity is a very important aspect of iron cycling as it 
affects its removal as well as the release of organic ligands that can influence the uptake. 
 
Physical removal processes - In addition to the role of active assimilation of required 
trace metals by phytoplankton, the physical removal of iron and its subsequent export can 
happen simultaneously (de Baar and de Jong, 2001). In surface waters, iron can be 
scavenged onto a wide variety of relatively high affinity surface sites on both living and 
dead particulate materials. For example undissolved mineral particles, settling 
phytoplankton, and skeletal materials are good carriers of iron out the photic zone. 
Moreover, in surface waters, aqueous Fe rapidly precipitates into the more 
thermodynamically stable particulate ferric hydroxides (Fe(OH)x), which have a very low 
solubility, and therefore limit the levels of biologically available iron. These forms also 
can aggregate and be removed by scavenging. However, recycling processes allow a 
small fraction of iron to remain dissolved and/or to be available to phytoplankton.  
 
 
 
Figure I - 2: Schematic of the iron biogeochemical cycle in the modern ocean. FeL stands for iron 
associated with ligands Chapter One – Introduction and objectives 
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2.4  Recycling processes 
 
Recycling processes occur at all depths of the water column. They encompass multiple 
cycles of assimilation into the biogenic pool in surface waters, by respiration of 
heterotrophic bacteria, followed by a release or remineralisation at greater depths before 
being buried in sediments (Hutchins et al., 1993). Iron can be recycled back into the 
dissolved phase and acts as a source to the deep-ocean as well, where relatively high 
concentrations can be observed above the sea floor and shelf areas (Elrod et al., 2004). 
Moreover, pore water concentrations of trace metals can be significantly higher than those 
observed in the overlying water column. Elevated pore-water concentrations suggested a 
potential for benthic fluxes of dissolved metals out of the sediment, which has been 
verified by direct measurements (Westerlund et al., 1986). These deep waters that are iron 
enriched have the potential to supply iron into the surface waters via upwelling processes 
and to be used by the phytoplankton. This phenomenon has been reported for example in 
the upwelled waters off coast of California (Johnson et al., 1999) or around the Kerguelen 
Islands (Blain et al, 2007) where sediments are resuspended then iron enriched water 
upwelled. This supply is not continuous and is limited to restricted events leading to 
various iron stress levels in the HNLC areas. 
 
Another type of transport that may be particularly important at shelf edges is the 
horizontal advection of resuspended sediments (Johnson et al., 1997) and the influence of 
eddies (Johnson et al., 2005). 
 
In the next section, external factors that influence iron availability in surface waters are 
presented. 
 
2.5  Influence of light and chemical speciation 
 
Light influence - Field and laboratory studies have shown the role of solar radiation on the 
formation of dissolved and biologically available iron species (Faust, 1994). UV radiation 
enhances the dissolution of particulate iron oxides/hydroxides and colloids (Sulzberger 
and Laubscher, 1995; Waite and Morel, 1984) by suitable reductants such as humic, 
fulvic and hydroxycarboxylic acids, as long as they are present in excess. These light-
induced reductive reactions control to a large extent the chemical speciation and thus, the Chapter One – Introduction and objectives 
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biological availability of iron in surface waters. These reactions are also in competition 
with precipitation processes. For example, O2 is an important oxidant of Fe(II), as well as 
the photochemically produced H2O2. The resultant Fe(III) can be then re-chelated by 
organic ligands or precipitated as iron hydroxides that are not directly bioavailable. 
Finally, Rijkenberg et al. (2006) showed that the photochemistry of Fe(III) and the 
resulting photo-produced Fe(II) concentration is strongly dependent on the type of 
chemical speciation of iron, i.e., the identity of the Fe-binding organic ligands. As a direct 
consequence, changes in UV radiation and accompanying changes in photochemical 
reactions (Rijkenberg et al., 2005), are an important element of global change impact on 
marine biogeochemical cycles (Moore et al., 2007). 
 
Chemical speciation - In the surface of the oceans, it has been shown that complexation 
of iron and many other trace metals with relatively specific and strong metal binding 
organic ligands, leads to complexed forms being in excess of the ionic forms (Rue and 
Bruland, 1995). As mentioned earlier, iron exists in seawater in two oxidation states. 
Although the dominant form in oxic water is Fe(III), greater than 99% of this Fe(III) is 
complexed with strong organic ligands existing at sub-nanomolar concentrations but in 
slight excess of dissolved iron (Van den Berg, 1995; Boye et al., 2003). Recent advances 
have been made in the knowledge of marine siderophores that appear to constitute a 
significant fraction of the natural Fe(III) binding ligands (Macrellis et al, 2001; Gledhill et 
al., 2004). Siderophores are defined as low molecular weight organic chelators with a 
very high and specific affinity for Fe(III) (Bruland and Lohan, 2004). They are produced 
by marine heterotrophic and photosynthetic bacteria (Barbeau et al, 2003). However, even 
if the organic ligands appear to dominate the speciation, little is known about their 
identity, their chemical structure or their biogeochemical cycles. 
 
2.6  Summary 
 
The processes governing the marine iron cycle are summarized on Figure I - 2. Iron 
oceanic distributions and biogeochemical behaviour are controlled by complex 
interactions between inputs, internal recycling and removal processes (de Baar and de 
Jong, 2001; Ussher et al., 2004) coupled with physical transport and mixing in the oceans 
that affect the distribution in the water column of all forms of iron. Over the last ten years, Chapter One – Introduction and objectives 
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the use of relatively contamination free sampling and analytical methods have resulted in 
a significant increase in our understanding of the marine biogeochemistry of iron 
(Bruland and Lohan, 2005). 
 
In surface oxic waters, the thermodynamically stable form of iron is Fe (III). However, 
Fe(II) seems to be the form in which iron is the most available to phytoplankton. 
Therefore, in order to maintain iron in solution, several reductive mechanisms occur such 
as enzymatic reduction at cell surfaces (Maldonado and Price, 2000); photoreduction 
(Moffett, 2001) that seems to be influenced by the nature of organic ligands (Rijkenberg 
et al., 2006); presence of organic matter (Rose and Waite, 2002) or the microbial 
community in anoxic basins and sediments (Ussher et al., 2004). Iron has been shown to 
be 99% complexed by organic ligands, but knowledge of their sources and identity 
remains unclear. Another major difficulty in assessing the dissolved iron concentration in 
environmental systems is the filtration processes. An arbitrary frontier has been set at 
0.2μm but his fraction includes the colloidal fraction and what is measured is the 
filterable iron and not the truly dissolved iron. Together with other macro and micro 
nutrients, dissolved iron is then taken up by the phytoplankton for photosynthesis before 
being recycled throughout the water column. Remineralization processes (Berelson et al, 
2003) of exported particulate organic matter can release some dissolved iron, as well as 
diffusion or resuspension of Fe(II) rich pore waters (Canfield, 1989). Iron in suspended 
sediments can be returned to the surface waters via different kind of transport including 
upwelling. Residence times for iron range from days in surface waters to a few years in 
deeper waters (de Baar and de Jong, 2001). 
 
In remote areas, a characteristic iron profile show very low concentrations (picomolar) in 
the surface, increasing in deeper waters (Johnson et al., 1997; Ussher et al., 2004). 
However, the distribution of dissolved iron cannot be uniform in the world’s ocean as it is 
considerably modified depending on the nature of sources and removal mechanisms, 
highlighting the complexity of all these previously described processes that influence the 
iron cycle. This complexity of processes cannot be mimicked during artificial iron 
fertilization experiments and the need to study places where natural iron fertilization 
occurs has recently been appreciated. A particular zone in which hypothesized natural 
iron release has been associated with blooms around islands is in the HNLC Southern 
Ocean.  Chapter One – Introduction and objectives 
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3  The case of the Crozet Islands and thesis objectives 
 
A major objective of this thesis is to test the hypothesis that the phytoplankton blooms 
occurring every year north of the Crozet Islands in the Southern Ocean are stimulated by 
a source of iron originating from or associated with the islands and to identify these 
sources.  
3.1  The Crozet Islands 
To place this objective in context, the Crozet Islands are located in the Southern Ocean 
which is one of the so-called HNLC regions. This volcanic archipelago is located on a 
shallow Plateau on the eastern flank of the southwest Indian ridge (Figure I - 3) and 
comprises two main islands, “Île de la Possession “and “Île de l’Est” in the east and three 
smaller islands 100 km to the west. 
  
Figure I - 3: Bathymetry of the survey area between 40-50°S and 40-60°E. 
The inset shows the location of the Crozet Archipelago relative to South Africa and the Southwest Indian 
Ridge. Black filled circles mark the five sites M2, M3, M5, M6 and M10 and crosses mark the main 
sampling stations that were sampled during CROZEX. Map courtesy of R. Pollard from Pollard et al., 
2007b 
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The phytoplankton bloom which occurs annually north of the Crozet Plateau (Figure I – 
4) provides an opportunity to examine the hypothesis that natural iron fertilization can 
alleviate HNLC conditions normally associated with the Southern Ocean. The bloom is 
located in the Polar Front Zone (Pollard et al., 2002 and Figure I - 4) with macronutrients 
present in non-limiting quantities at the end of the winter (Banse, 1996). The bloom 
usually peaks in October (up to 6 µg L
-1), although it is sometimes delayed until 
November (e.g., 2003-2004. It then decays away from the islands, but nearly every year 
there is a second bloom in late December of January that appears to be constrained 
closely to the two main islands. To the south of the Plateau, chlorophyll levels are low (< 
0.5 µg L
-1), similar to background Southern Ocean levels. Over the Plateau itself, levels 
are intermediate (Venables et al., 2007).  
Figure I - 4: SeaWIFS/MODIS images around Crozet of Autral summers 2002-2203 to 2005-2006. The 
Crozet Plateau (contour at 500m) is represented by a light black solid line. The northern branch of the Sub 
Antartic Front is also represented by a thin black line. Satellite images were provided by Hugh Venables 
(NOCS/BAS) 
 
Nitrates were non-limiting over the sampling period (Lucas et al., 2007) and remained in 
a concentration range of 18-30 µmol L
-1. Silicates concentrations were initially of 20 Chapter One – Introduction and objectives 
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µmol L
-1 and became almost depleted in December. This area is particularly suited for the 
study of iron distributions and sources because of the way in which the topography and 
the zonal winds constrain the local circulation patterns and the extent of the bloom 
(Pollard et al., 2007b) to the north west and to the north as explained below.  
 
Figure I - 5 shows the main features of the ocean circulation in the area. The path of the 
Sub Antarctic Front (SAF) is initially deflected by the Del Caño rise before reflecting 
eastwards and then moving slightly southwards and to the east. This path, together with 
the plateau to the south creates a mostly enclosed area with a long water residence time, 
which is on the order of 100 days (Venables et al., 2007). Therefore, as the bloom is 
constrained to the west and north by the SAF, it is easier to survey. It is also likely that 
the surface flow over and past the Crozet Plateau and Islands is weak and to the north. 
Thus south of Crozet is “upstream”, north of Crozet is “downstream” of the islands.  
 
Figure I - 5: Schematic of the circulation around Crozet. 
The thick black line marks the Agulhas Return Current (ARC), the bold solid line is the SubAntarctic Front 
(SAF), with dashed lines between them marking transient, propagating eddies. Thin arrows represent the 
very weak circulation in the Polar Frontal Zone (PFZ) between the SAF and Crozet. They show 
anticyclonic circulation round Crozet, Ekman flow past the islands, meanders breaking off the SAF into the 
region and re-entrainment of eddies into the SAF. Eastward flow south of Crozet is also shown. For spatial 
reference, the 2000 m contour is the light solid line. From Pollard et al., 2007b. 
 
Therefore, the three-leg CROZEX cruises on RRS Discovery in the austral summer of 
2004/05 (2 legs) and 2005/06 (1 leg) in the waters surrounding the Crozet Islands 
provided an excellent opportunity to examine how the natural sources of iron, originating Chapter One – Introduction and objectives 
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either from the islands directly or from the relatively shallow surrounding sediments, can 
relieve iron stress and therefore promote phytoplankton growth, particularly by the larger 
cells typically responsible for the export of particulate carbon and nitrogen.  
 
This thesis was an integral part of the CROZEX research program and started by 
collecting a range of samples between November 2004 and January 2005 during the first 
two legs of the program, including total dissolved iron, particulate iron in large suspended 
particles (>53µm) and atmospheric samples. A year later, only large suspended particles 
were collected during Benthic Crozet. 
3.2  Major objectives of the thesis 
 
1) Development of an analyzer for measurement of very low concentrations of dissolved 
iron (DFe) 
For the study of dissolved iron no appropriate analytical tool was available and the first 
goal was to build a system that could measure very low concentrations of dissolved iron. 
The decision was made to build a flow injection system based on catalytic 
spectrophotometric detection (FIA-NTA-DPD) similar to the analyser developed by 
Lohan et al. (2006). Matt Mowlem (OED, NOCS) offered his help for the design of the 
software and instrument control. A short review of available techniques and the 
development of this analyzer are described in Chapter Two and the full analytical 
description is given in Appendix I. 
 
2) Study the distribution of dissolved iron in the vicinity of the Crozet Islands in order to 
elucidate DFe pathways. 
The objective was to investigate the distribution of total dissolved iron by analyzing the 
samples taken during the two first legs of CROZEX. In Chapter Three, new data on total 
dissolved iron concentration (< 0.2µm) are presented. Particular emphasis has been 
placed on the sources of iron to the upper water column and on the different processes 
driving its distribution, such as biological uptake, mixing with deeper waters, advection of 
iron rich waters from the islands and atmospheric inputs. This work has been done in 
collaboration with Mark Moore, NOCS, Matt Charette, WHOI and with Alex Baker and 
Tim Jickells, UEA. This work led to three publications, Charette et al. (2007), Moore et Chapter One – Introduction and objectives 
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al. (2007) and Planquette et al. (2007) and the main findings are presented in Chapter 
Five. 
 
3) Study the distribution, nature and vertical fluxes of iron and aluminium in the > 53µm 
fraction around the Crozet Islands. 
 
The third objective was to look at the distribution of particulate iron in large suspended 
particles (>53µm) collected just below the mixed layer during the three legs of the 
CROZEX program in order to determine which fraction of iron was biogenic, and to 
examine the variability of iron export in the survey area. Analyses were carried out by 
ICP-MS allowing the determination of iron and aluminium. Results are presented in 
Chapter Four. 
 
Vertical fluxes for iron relative to carbon have been calculated using 
234Th data in 
collaboration with Paul Morris. An iron budget has then been established, and residence 
times estimates for iron are given in Chapter Five.  
  18
CHAPTER TWO: 
 
DEVELOPING ANALYTICAL METHODS 
FOR DETERMINING DIFFERENT PHASES 
OF IRON IN SEAWATER 
 
 
 
Determining the concentration of iron in seawater samples is a difficult exercise. This is 
due to the contamination risks throughout all stages of sampling and analysis originating 
from various sources such as equipment in the lab, atmospheric dust, reagents or the 
research vessel. Therefore extreme caution must be adopted through each step of the 
sampling and analytical processes. This has not been the case up to the 1970s, and as ultra 
clean conditions were not adopted, poor quality data sets resulted (Achterberg et al., 
2001). For the last thirty years, various methods have been developed with the aim of 
generating good iron data, and trace metal research groups started to develop more 
sensitive analytical methods. It is now possible to detect and determine iron 
concentrations in seawater at levels of a few picomoles per litre depending on the area of 
sampling. Particular efforts have also been made by several teams in order to get new 
pieces of sampling equipment. Some discrepancies still exist between the teams and the 
need to “develop an implementation framework that ensures methodological continuity 
and reproducibility at all levels from sample acquisition and processing through to Chapter Two – Developing analytical methods for determining different phases of iron in seawater 
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analytical protocols” has been raised recently in the GEOTRACES program (Geotraces 
Science Plan 2006). During CROZEX, all the labware as well as the sampling equipment 
was rigorously cleaned, these aspects being covered in this chapter for both phases 
investigated during the program, i.e. total dissolved iron (TDFe) and particulate iron in 
suspended particulate matter (SPFe).  
 
Cleaning, sampling and analytical techniques for determining TDFe are first reported, this 
includes the development of the flow injection method which was used to produce the 
results of this thesis. The second part concerns the cleaning and the sequential leaching 
technique used for the determination of SPFe.  
 
1  Total Dissolved iron 
 
All critical operations were performed in a class-100 clean-air laboratory, following the 
current protocol used at the National Oceanography Centre in Southampton (NOCs) 
which is similar to that of Achterberg et al. (2001) and as described in the section below. 
1.1  Sampling and pre-treatment procedures 
 
Prior to the cruises, clean low density polyethylene bottles (LDPE, Nalgene, 1L, 500mL, 
250mL, 125 mL) sample bottles were soaked in ~5% (v/v) aqueous Decon detergent for 
three days and subsequently soaked for three days each in 50% (v/v) HCl and 50% (v/v) 
HNO3 (Fisher Scientific). In between steps, the bottles were rinsed three times with Milli-
Q water. After removal from the acid bath, the sample bottles were rinsed with sub-boiled 
distilled water and then filled with Milli-Q water acidified with quartz sub-boiling 
distilled Q-HCl down to pH 2 and stored in double clean zipper seal polyethylene bags 
until use. Polycarbonate filters were soaked for two weeks in 10% (v/v) Q-HCl, rinsed 
and stored in sub-boiled distilled water. 
Sampling - A titanium CTD rosette mounted with 10L Ocean Technology Equipment 
(OTE) bottles was used for obtaining the vertical profiles presented in Chapter three. All 
pieces of electronic equipment were housed in titanium cases. These OTE bottles were 
washed with care before use at sea and then rinsed with seawater. Between casts, the 
rosette was protected with a plastic cover on the deck to minimize contamination from the Chapter Two – Developing analytical methods for determining different phases of iron in seawater 
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particles generated on board. After collection, OTE bottles were carried inside the clean 
container on the after deck for filtration. 
 
However, the highest risk when sampling remains the ship itself. Contamination problems 
have been reported for the samples taken in the first 25m, showing that the surrounding 
waters around the ship could be contaminated whilst on station. These data have been 
discarded from the final results discussed in this thesis (Appendix III). 
Filtration - As reported in Chapter One, the biogeochemistry of iron is highly complex, 
and the two oxidation states of iron, Fe(II) and Fe(III) are involved in the formation of 
soluble inorganic and organic complexes, colloids and particulate phases (Figure II-1). 
However the size distribution of iron species, as well as their true chemical solubility and 
biological availability in seawater are still under investigation (Bruland and Rue, 2001). 
Moreover, the recognition of the existence of colloids that represent much of the 
operationally defined dissolved iron (Wu and Luther, 1994; Nishioka et al., 2001) has 
made the dissolved particle size boundary particularly difficult to establish, varying from 
0.1 to 0.4 µm (Figure II-1). It is common to set the operational distinction for the 
particulate phase at 0.4 µm and the dissolved at 0.2 µm (Wu et al., 2001). During Crozex, 
polycarbonate Nuclepore 0.2 µm filters were used. 
 
Figure II - 1: Diagram of the different phases of iron.  
Top right corner: OTE bottles for the filtration of dissolved iron. Bottom right corner: example of a SAPS 
filter after deployment. 
 
Inside the clean container, OTE bottles were maintained on a rack, using Delrin clamps 
(Figure II - 1, top right corner) to allow pressurization with filtered nitrogen (BOC) to Chapter Two – Developing analytical methods for determining different phases of iron in seawater 
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~0.8 atm. After opening the Teflon tap, samples were filtered in line using acid washed 
silicone rubber tubing with Teflon connections and acid washed Teflon filter holders 
containing Nuclepore filters (0.2 µm). The filtrate was collected in the storage bottle 
(typically 0.5L or 1L) after rinsing it three times with the seawater sample.  
Acidification of samples - During CROZEX, it was not possible to proceed directly to the 
analysis of the samples on board, due to equipment and time constraints. All the samples 
were acidified on board with Q-HCl to pH ~ 2, representing typically 1mL of Q-HCl per 
litre of seawater, then adjusted to pH 1.7 in the lab, and stored double bagged in the dark 
until analysis. It has been shown that storage of acidified seawater samples is necessary to 
maintain iron in solution and avoid its adsorption onto the bottle walls (Moody, 1982). An 
intercomparison study (Bowie, 2004) has argued that it is useful to consider extended 
storage (i.e. > 6months) of filtered, acidified samples as a potential protocol for the 
determination of dissolved iron in seawater. After a few weeks up to years, this 
acidification enable full detection of all organically complexed iron and any potential 
colloidal iron present within the dissolved phase (Bowie et al., 2006). Lohan et al. (2005) 
demonstrated that acidification to pH 1.7 to 1.8 releases iron from two strong iron binding 
ligands, such as desferrioxamine B and rhodotorulic acid. However acidification changes 
some aspect of speciation like organic complexation (Weeks and Bruland, 2002) making 
it necessary to take specific samples for this purpose only. 
1.1  Total dissolved iron (TDFe) analysis 
 
Measurement of dissolved iron concentrations is a difficult task (Bruland and Rue, 2001) 
despite numerous efforts from many research teams. However, following a first inter-
comparison exercise by Bowie et al. (2006), experiments from the recent SAFe cruise 
(Johnson et al., 2007) showed a good agreement between analytical methods, where 
differences in measured concentration were less than 0.05 nM for the surface sample. For 
the analysis of the CROZEX samples, an analyzer similar to the one described by Lohan 
et al. (2006) has been developed. In this section the different flow injection systems 
available to date are first succinctly presented and in a second phase, the development of 
the analyzer used in this study is described.  
Overview of the flow injection systems - When taken to sea, an analyzer should ideally be 
relatively compact, portable and resistant to variations of temperature and movements of Chapter Two – Developing analytical methods for determining different phases of iron in seawater 
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the sea. Most of the methods taken to sea involve the use of flow injection analysis (FIA) 
with or without in-line preconcentration depending on the ambient concentrations. These 
methods are generally low cost, portable and allow the utilisation of small amounts of 
reagents, but the main advantage is the reduction of contamination risk.  
 
The principal land based and ship based techniques are described by Achterberg et al. 
(2001) and in the table below are described the main characteristics of the flow injection 
systems used to date. 
 
Distinct Features  Preconcentration 
resin 
Species Detection  limit  Reference 
FIA-CL 
(sulfoflavin) 
8-HQ   Fe(II) and 
TDFe 
0.45 nM  Elrod et al. (1991) 
FIA-CL (luminol)  -  Fe(III)  0.050 nM  Obata et al. (1993) 
FIA-DPD  8-HQ   TDFe  0.025 nM  Measures et al. (1995) 
FIA- Ferrozine  C-18  Fe(II) and 
Fe(III) 
0.3 nM  Blain and Tréguer 
(1995) 
FIA-CL (luminol)  8-HQ  Fe(III)  0.021 nM  De Jong et al. (1998) 
FIA-CL 
(sulfoflavin) 
XAD-4-HEED  Fe(II)  0.8 nM  Hirata et al. (1999)  
FIA-CL (luminol)  -  Fe(II)  0.025 nM  Croot and Laan (2002) 
FIA-CL (luminol)  8-HQ  Fe(II) or  
Fe (II+III) 
0.008-0.012 nM  Bowie et al. (2002) 
FIA-DPD in situ  8-HQ  TDFe  0.15 nM  Laës et al. (2005) 
FIA-DPD  NTA  TDFe  0.024 nM  Lohan et al. (2006) 
 
Table II - 1: Overview of the major flow injection techniques in use for determining iron. FIA, 
Flow injection analyser; CL, Chemiluminescence; 8-HQ, 8-Hydroxyquinoline; DPD, N,N-
dimethyl-p-phenylenediamine; XAD, Amberlite; HEED, N,hydroxyethylethylenediamine; NTA, 
nitrilotriacetic acid 
 
During this thesis, the first goal was to build a Fe analyzer over a short period of time in 
order to analyze the numerous seawater samples collected during the two first legs of 
CROZEX. The choice of an in line flow injection preconcentration system has been 
preferred as it allows the analysis of a fairly high number of samples per hour, with a low 
consumption of reagents, making it relatively low cost and offers good precision as these 
systems are computer controlled. The method developed by Lohan et al. (2006), referred Chapter Two – Developing analytical methods for determining different phases of iron in seawater 
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here as FIA-DPD-NTA (flow injection analyzer with DPD catalytic spectrophotometric 
detection using a nitrilotriacetic resin preconcentration step) and based on the technique 
of Measures et al. (1995) has been selected for its practicality and efficiency as it only 
requires one spectrophotometer for its instrumentation. The principle of this technique is 
presented in the following section.  
Catalytic oxidation of DPD by hydrogen peroxide – Principle 
Hirayama and Unohara introduced in 1988 a batch spectrophotometric method based on 
the catalytic action of Fe(III) on the oxidation of N,N-dimethyl-p-phenylenediamine 
(DPD) by hydrogen peroxide (H2O2) in weakly acidic media. DPD can be oxidised by 
hydrogen peroxide and can form two reddish semiquinone derivatives (DPDQ) but this 
reaction proceeds very slowly without the action of a catalyst, which can be Fe(III). Fe 
(III) reacts with DPD to form DPDQ, and is reduced to Fe(II) (Figure II - 2). The 
optimum pH of this reaction was found between 5.5 and 6. 
 
Figure II - 2: Schematic of the oxidation of DPD by hydrogen peroxide with the catalytic action of Fe(III) 
(after Hirayama et al., 1988). 
 
Then, Fe(II) can be oxidized by hydrogen peroxide back to Fe(III) and the reformed 
Fe(III) is allowed to act with DPD again (Equations 1, 2, 3). Therefore, the two species of 
iron can act as catalysts and the coloured products are determined 
spectrophotochemically. 
Fe (III) + H2O2 → Fe (II) + 
•OOH + H
+  (1) 
 
Fe (II) + H2O2 → Fe (III) + 
•OH + OH
-  (2)
 
 
2 
•OOH → O2 + H2O2  (3) 
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The catalytic nature of the reaction enhances the sensitivity of the method since the 
amount of the oxidized DPD is proportional to the amount of Fe(II) and Fe(III) and the 
length of reaction time. This reaction is the basis of all the flow injection methods that use 
DPD oxidation by H2O2 (Measures et al., 1995; Sedwick et al.,2002; Weeks and Bruland, 
2002; Lohan et al., 2006). 
 
Measures et al. (1995) presented a flow injection adaptation of this manual method, 
including the in-line preconcentration of iron onto a column containing 8-
hydroxyquinoline (8-HQ). The optimal reaction pH was found to be between 5.5 and 6, as 
in the Hirayama and Unohara method (1988). Columns of 8-HQ were found to remove 
iron in the pH range 3-6, so the sample was buffered to a target pH of 5.2 prior to the 
adsorption on the 8-HQ column. This preconcentration step is a critical one as it allows 
both the concentration and separation of iron from some of the interfering metal cations 
(Measures et al., 1995) with quantitative recovery of the element, and the separation from 
the seawater matrix that could precipitate in the manifold. Several types of chelating 
resins exist and 8-HQ columns have been extensively used in flow injection systems, but 
the recovery is highly pH specific. For example, Fe(III) is quantitatively recovered 
between pH values from 2.6 to 4 with no recovery of Fe(II) (Obata et al., 1993; de Jong et 
al., 1998) whereas Fe(II) is recovered along with Fe(III) at pH 5.2 to 6 (Obata et al., 
1997). Another important factor, the presence of organic ligands in seawater, can affect 
the preconcentration step and has been recently investigated by Ndung’u et al. (2003) and 
Ussher et al. (2005) following the study by Obata et al. (1997). For example, a poor 
recovery at pH 3 to 4 in the presence of EDTA was shown. In order to ensure that all Fe 
complexes are destroyed and dissolved iron is loaded onto the resin, micro-wave 
treatment (Weeks and Bruland, 2002) or UV-digestion (Guéguen et al., 1999; Ndung'u et 
al., 2003) of the acidified sample prior to analysis have been recommended. Alternatively, 
it has been suggested that stored samples should not be analysed before a minimum of 6-
months after collection to allow complete release of iron from organic complexes and 
colloids (Bowie et al., 2004). Lohan et al. (2005) demonstrated that acidification at pH 1.7 
to 1.8 allows Fe in the samples to be preconcentrated directly and quantitatively onto an 
nitriolotriacetic (NTA) chelating resin even in the presence of two strong binding ligands, 
desferrioxamine B and rhodotulic acid.  
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1.2  Development of a FIA-DPD-NTA analyser 
 
The FIA-DPD-NTA analyzer was chosen because it allows near real-time determination 
of total dissolved Fe(II+III), the use of the commercially available NTA resin and the 
relatively low cost of the apparatus. The construction of the analyser is based on the 
manifold described in Lohan et al. (2006) with optimisation of various parameters. The 
different steps were operated in the clean room facility and are described below. 
 
Description of the manifold - As described in the previous section, this method is based 
on the in-line preconcentration of total dissolved iron on a nitriloacetic acid (NTA 
(Quiagen)) resin, placed in a Global FIA 2cm mini-column. Eluted Fe(III) then catalyzes 
the oxidation of N,N-dimethyl-p-phenylenediamine dihydrochloride (DPD, Sigma-
Aldrich) by hydrogen peroxide (H2O2, Trace metal Grade, Fisher Scientific). This 
catalyzed reaction is followed spectrometrically by monitoring the change of the 
absorbance at 514nm (1cm flow through cell in a UNICAM 8625 spectrophotometer). 
 
Figure II - 3: Schematic of the final version of the manifold of the FIA-DPD-NTA analyser. 
 
This system is divided into two parts: the flow injection system including a peristaltic 
pump, and two 6-port valves and the detection system including a flow through cell, a 
spectrophotometer set at 514 nm and a laptop. Details about instrumentation, reagent 
preparation, and the analytical sequence are given in Appendix I. The signal from the Chapter Two – Developing analytical methods for determining different phases of iron in seawater 
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spectrophotometer is acquired through a National Instrument DAQ-MX USB 6009 card 
powered up when connected to the host laptop. The valves are controlled by the same 
card and operated by a LabView 7.0 software written by Dr Matt Mowlem (NOCS). The 
spectrophotometer showed very good linearity but it became unstable after a relatively 
short time of analysis (5 hours maximum), probably due to its age.  
 
Several parameters have been optimised to reduce the blank, maximise the reaction and 
obtain a better sensitivity and stability. The reagents should be as clean as possible to 
minimise the blank, the pH of the buffer should be optimised to give the best peak area 
and the mixing loops lengths must be adjusted as well as the temperature of reaction, as 
discussed below. 
 
Optimisation of the blank - In order to estimate the various contributions of each reagent 
on the signal, no cleaning columns were used at first. Then, progressively, one column on 
each line of reagent was added. When no cleaning columns were in line, the baseline 
immediately saturated (Figure II-5) as the absorbance reached the highest limit (1V). The 
first reagent to be cleaned in-line was the DPD and the cleaning columns were the same 
as used by Nédélec et al. (2006) (Figure II-4) 
 
 
Figure II - 4: Cleaning columns used in the analyser (after Nédélec et al., 2006) 
 
These columns were made of clear Perspex (Polymethylmethacrylate) and the resin was 
kept inside the column by two polyethylene frits at either end. Packing the NTA resin in 
the columns was carried out by pipetting carefully 100µL into the column. Then the 
supernatant was removed using a syringe and more NTA was added if the column was not 
fully filled. Then another column was added on the buffer line and finally an extra one 
after the T-piece joining the buffer and the DPD stream. The effect on each column is Chapter Two – Developing analytical methods for determining different phases of iron in seawater 
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shown in Figure II – 5, and the DPD solution appears to account at least for 0.35 V of the 
baseline level. The buffer accounts for ~0.25V of the baseline level. This infers that the 
DPD solution has the biggest contribution to the baseline level. 
 
 
Figure II - 5: Baseline level as a function of the number of cleaning columns added in-line without a mixing 
coil, as well as the influence of a mixing coil at 30°C. 
 
 
Optimisation of the reaction – As explained in section 1.2.2, the oxidation of DPD by 
H2O2 is pH dependant. The optimum pH for the reaction which will provide the greatest 
peak area is at pH 5.8, as observed by Measures et al. (1995). This can be explained by 
the fact that the reaction chemistry downstream from the resin is identical to that 
developed by Measures et al. (1995). To obtain a final pH of 5.8, it is necessary to adjust 
the ammonium acetate buffer (3.5 M) at pH 9.3. Details of preparation of the buffer are 
given in Appendix I. 
 
The length of the mixing coil has been investigated as it can facilitate the final catalytic 
reaction. Three lengths were available in the heating unit system: 660mm, 1150mm and 
1700mm. The choice of the shortest one was a good compromise between the peak area 
and the baseline level, as shown in Figure II – 6.  Chapter Two – Developing analytical methods for determining different phases of iron in seawater 
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Figure II - 6: Effect of the length of the mixing coil on the peak area and on the baseline level for a 1 nM 
standard solution at 30°C. 
 
The temperature has been investigated as well, the ambient temperature being usually 
around 15°C in the lab. Various settings were tested from 15°C to 37°C. The benefit of 
increasing the temperature is to increase the peak area. However it has a side effect which 
is to generate some bubbles which affect the quality of the peaks. When a bubble is 
passing through the detection cell, the absorbance drops to 0, affecting the shape of the 
peal, then making difficult its integration afterwards. Again, a compromise has been 
achieved by setting up the heating unit at 30°C.  
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Figure II - 7: Effect of the temperature of the mixing coil on the peak area of a 2nM standard solution, with 
a 660mm length mixing coil. 
 
Rinsing and conditioning the NTA resin – As demonstrated by Lohan et al. (2006) it is 
necessary to elute the resin with 1.5 M HCl in order to ensure a rapid desorption of iron. 
The same strength eluting acid has been used in this analyser; the only difference is that it Chapter Two – Developing analytical methods for determining different phases of iron in seawater 
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has been prepared with sub-boiled distilled water instead of Milli-Q water to minimize the 
blank, as sometimes, the Milli-Q appears to be slightly contaminated. 
 
 
The seawater matrix is complex and may potentially create interferences during the 
detection step and there is a need of a rinsing step after passing the sample through the 
column to remove sea-salts still present in the dead volume of the column. The dead 
volume in the preconcentration column (Figure II - 8) used in this system is 170µL. 
 
 
Figure II - 8: Schematic of the preconcentration column used in the system (Global-FIA). 
 
 
Any change in the pH is automatically reflected in the absorbance signal and the 
consequence of mixing 170 µL of rinsing solution with the reagent stream is to produce a 
depression in the absorbance signal. To minimize this effect the pH of the 1.5 M 
ammonium acetate rinsing solution was adjusted to pH 3.2 as its ionic strength matches 
that of the 1.5 M HCl eluting acid (Lohan et al., 2006). The pH of the rinse is a little 
lower than the one used in Lohan et al. (2006) (pH 3.5) as the peak shape was better at 
this pH. At this pH, no iron bound on the resin will be eluted accidentally during the rinse 
step.  
 
The optimal time for both rinsing and conditioning was set at 15s in the manifold, 
corresponding to 35s and 25s respectively in the Labview program (see Appendix I). An 
example of peak shapes obtained is shown in Figure II-9. 
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Figure II - 9: Elution profile for a 3 blank runs (top) and two samples with a 25s rinse step. The samples are 
low iron seawater (2 first peaks) and low iron seawater with 0.25 nmol L
-1 of iron added (2 last peaks) 
 
 
Standardisation – Prior to each batch of analyses, a calibration was performed daily, 
using standards additions of iron to low iron seawater (LISW), ranging from 0.1 nM to up 
to 2 nM using serial dilutions of 1000 µg L
-1 Fe stock solution in acidified (pH 1.7) sub-
boiled distilled water. Standards were run at the start and when possible (if reagents were 
left) at the end of each day of analysis. Concentrations were calculated from these 
standards based on the absorbance peaks (Appendix I). The internal low-iron seawater 
standard (LISW-IS) was used to monitor changes in sensitivity of the analyser as well as 
giving another indicator of the reliability of the system. This LISW was filtered and 
acidified near surface seawater collected during CROZEX (Station 15491, 300m). This 
internal standard had the double advantage of being acidified to the same degree as 
standards and samples, minimising changes in the loading pH; and having a lower 
concentration than NASS-5 seawater. The LISW (0.43 ± 0.042 nM) was generally 
analysed on several occasions during each day of analysis: after the blank, after the 
NASS-5 seawater, and randomly during the samples sequence (Appendix I)  
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Blanks and detection limits – As seen in the section “Optimisation of the blank”, reagents 
represent the major contribution to the baseline signal and are cleaned in-line with several 
NTA columns. This blank was investigated by running no sample in the manifold. The 
contribution of the addition of H2O2 (25 µL of 30% (v/v) of H2O2 to a 25 mL sample) has 
been investigated by spiking  acidified low internal standard seawater with 50, 100 and 
200 µL following a similar protocol to Lohan et al. (2006). The doubling of the H2O2 
caused the iron concentration to increase by 0.02 nM, which was used as the H2O2 blank. 
Two sub samples out of the three Q-HCl bottles that were used for the acidification of the 
samples have been kept and analysed by ICP-MS and their contribution to the blank has 
been estimated negligible. Therefore, the rinsing solution with the NTA preconcentration 
column and the H2O2 are mainly contributing to the blank value. Blank values varied 
from 0.058 to 0.09 nM with a mean value of 0.073 ± 0.016 nM. 
 
The detection limit was estimated as three time the standard deviation of the blank, 
resulting in a detection limit of 0.048 nM. 
 
Accuracy and precision – NASS-5 certified seawater (National Research Council, 
Canada) was first used to test the accuracy of the method and good accordance was found 
as the value obtained with this method was: 3.67 ± 0.18 nM compared to 3.71 ± 0.63 nM. 
However, this concentration is relatively high compared to the concentrations found 
during CROZEX. Therefore some reference seawater from the recent iron 
intercomparison exercise (Sampling and Analysis of Fe (SAFe, Johnson et al., 2007) were 
ordered. Concentrations for the SAFe deep standard (0.91± 0.09 nM) fell within the 
quoted ranged of 0.95 ± 0.11 nM). When the peak areas had a standard deviation of more 
than 7%, another replicate was run. Unfortunately, the surface SAFe standard appeared to 
be contaminated and has not been used in this work. 
 
Overall, the time for one analytical cycle was approximatively 15 min (with 7 mins of 
preconcentration for a ~0.1 nM sample) and a minimum of two replicate analyses per 
sample were made. 
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2  Suspended Particulate Iron 
 
A central problem in marine geochemistry is to understand the global distribution, sources 
and sinks and reactions of elements involved in biogeochemical cycles. In surface waters, 
active fixation of dissolved substances during phytoplankton growth converts many 
chemical elements into particulate matter, which is then transported as large aggregates or 
particles to deep-ocean, where remineralisation and oxidation processes release the 
elements back into the dissolved state. Chemical species that are passively adsorbed, 
complexed or co-precipitated in particulate matter also follow similar routes. As 
explained in Chapter One, the aim was to collect particles sinking from the biologically 
productive mixed layer of the water column using large in situ pumps in order to measure 
C and Fe export from the upper ocean.  
 
2.1  Sampling and pre-treatment procedures 
 
Filtering large volume of seawater allows the collection of sufficient material for a 
representative sample. Most particles that dominate the vertical transport of material in 
the water column have a diameter greater than 50 µm (Bishop et al., 1985), justifying the 
choice of a 53 µm nylon filter as used here in the Stand Alone Pump Systems (SAPS, 
Challenger Oceanic, Figure II - 10). These filters have been used by several other workers 
(e.g., Lam et al., 2006). The parameters used for the determination of each deployment 
depth were water temperature, fluorescence and transmission. SAPS were placed at a 
depth that would collect the sinking particles that were falling out of the biologically 
productive surface layers of the water column, and were therefore deployed below the 
thermal mixed layer, i.e. below the chlorophyll maximum and below the point of 
increasing transmission corresponding to decreasing chlorophyll concentrations and rapid 
changes in density. The sampling details for the three legs of CROZEX are given in 
Chapter Four (Table IV - 1). Chapter Two – Developing analytical methods for determining different phases of iron in seawater 
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Figure II - 10: Example of two SAPS systems mounted on a stainless steel cable ready for deployment 
during D300. The top SAPS is for iron and trace metals analysis, the bottom SAPS is for POC/PON and 
234Th analysis.  
 
Pumps were set to run for typically 1.5 hour, except at two stations where the biomass 
had a high concentration and a 60 minutes pump time was chosen (D285, Station 
15499#2; D300. Station 15777#1) to preserve the filters from any clogging or breaking.  
 
The filter holder was made of Polypropylene (PP), the filter head was made of PVC, and 
butyl O-rings sealed the assembly. The filter used in the SAPS was a 53 μm nylon mesh 
monofilament screen (300 mm diameter). Each filter was acid washed in 10% HCl 
solution, rinsed, dried, pre-weighed and stored in two plastic bags. Before each 
deployment, the PP filter holder was soaked in 10% Deacon solution for 2 to 3 days 
depending of the frequency of the stations during the cruises and rinsed with freshly taken 
Milli-Q just before deployment. The pump head was covered with a plastic bag to exclude 
any aerosol particles until the last minute of the deployment.  
 
Immediately after recovery and separation of the head from the SAPS body, excess water 
in the housing was drawn off under vacuum in a flow laminar hood. Various “swimmers” 
(i.e. copepods mainly) were removed manually with cleaned tweezers and placed in vials, 
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chemical changes until analysis back in the lab. At the same time, except during D300, 
samples for the determination of Particulate Organic Carbon (POC), Particulate Organic 
Nitrogen (PON) and
 234Th were taken by Paul Morris (Morris et al., 2007).  
 
2.2  Leaching and total digest method  
Rationale - The environmental reactivity of an element cannot be assessed solely by its 
total concentration, and identification and quantification of elements present in different 
phases or fractions within a sample is of more interest. Numerous carrier phases and types 
of associations are possible between trace elements and suspended particulate matter 
(SPM). SPM may consist of biological and mineral phases, that will each contain 
different coordination sites to bind metals (Stumm, 1992). For example, the particulate 
iron pool is comprised of biogenic, lithogenic and detrital iron (Morel and Price, 2003), 
which are derived from terrigenous material scavenged by biogenic particles, specific 
biochemical functions, or included with structural materials such as calcite, opal, and 
scavenging processes at active surfaces (Collier and Edmond, 1984). It is therefore useful 
to distinguish a “potentially biologically active” carrier phase from a “refractory” phase 
(Landing and Bruland, 1987).  
 
The majority of trace element analytical procedures involve highly sensitive 
spectroscopic techniques, such as atomic absorption spectroscopy (AAS, GFAAS), 
inductively coupled plasma optical emission and mass spectrometry (ICP-AES and ICP-
MS). The drawback of these techniques is that they require first the solid sample to be 
transformed into a solution in which the metal content is then determined. Total sample 
digestion is mainly carried out by a fusion or a wet procedure based on an acid digestion 
with a heated mixture of mineral acids. There is not any universal dissolution procedure 
valid for every type of sample. Ideally, such a procedure should: 
- be able to dissolve the sample completely, without any insoluble residue, 
- exclude any possible source of sample loss through volatility, and adsorption 
onto the wall of the vessel, 
- avoid sample contamination from the reagents used in the dissolution process.  
- be reasonably quick and safe. 
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The aim here was to determine the concentration of iron associated with SPM in order to 
estimate the vertical flux of Fe relative to Carbon (Fe/C ratio) as discussed in Chapter 
Five and to better understand the biogeochemistry of Fe in this system. 
The decision was made to distinguish: 
- the labile fraction, which comprises those metals bound by organic matter 
weakly sorbed to surfaces, associated with amorphous metal oxyhydroxides (Fe, 
Mn) and carbonate minerals,  
- the more refractory fraction, such as aluminosilicates and crystalline Fe 
oxyhydroxides.  
 
This analysis determines the first fraction by a 25% acetic acid leach, with the residue 
after this extraction being carried over to the next step and being completely digested with 
aqua regia and hydrofluoric acid (HF). 
 
 
Protocol - The whole protocol of this two-step sequential leach is detailed in Appendix II, 
the major steps being described here. All the following operations were performed in a 
clean room laboratory.  
 
Figure II - 11: Schematic of the various steps of the sequential leaching technique. 
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Sea-salt removal: As the nylon filters were stored frozen and folded into quarters, the first 
step was to remove any sea salts that could interfere from the particulate matter. It was 
decided to dislodge the particles from the nylon filter for three main reasons: 
- some high blanks for nylon mesh have been reported (Weinstein and Moran, 2004) 
- it is not possible to fully digest them 
- it is very difficult to handle the nylon filters due to their large diameter. 
 
Therefore the particles from the nylon filter were washed off with SBDW (Figure I – 11a) 
and collected onto one or several pre-weighed 0.4µm Cyclopore filters depending on the 
mass of material. A sub-sample was sometimes taken for Scanning Electron Microscopy 
(SEM) (Appendix II). 
 
The nylon mesh and the Cyclopore filters were then freeze dried for 12 hours (Figure I – 
11b) and weighed using an electromicrobalance (Metler AE240) for mass determination 
of the SPM. 
Sub-samples were taken for Particulate Organic Carbon and Nitrogen (POC/PON) 
(Figure I -11e). 
 
1
st leach: 25% Acetic acid (HAc) 
The “labile” fraction of the particulate iron pool was characterised with the use of 25% 
Acetic acid (HAc), as it can extract the soluble, exchangeable and carbonate bound metal 
fraction (Fitzwater et al., 2003; Lewis and Landing, 1992; Löscher, 1999; Wells et al., 
2000). The dried Cyclopore filters were placed in Teflon vials with 5 to 12 mL of 25% 
Quartz-distilled HAc (Q-HAc) and soaked for 2h at room temperature according to the 
protocol of Wells et al. (2000) (FigureII-11c, Table, Appendix II). They were then 
transferred with the solution into 10mL polypropylene centrifuge tubes and centrifuged 
(2500 rpm for 15 mins). The overlying solution was transferred to clean Teflon pots (30 
mL screw cap) and taken to dryness on a hotplate (110°C). The residues were brought 
into solution by addition of 4 mL of 2% Q-HNO3, this solution being kept for analysis on 
the ICP-MS.  
 
The refractory residue was rinsed out of the tube with SBDW directly into a Teflon pot 
(15 mL screw cap) then dried on a hot plate at 140°C, ready for the second leach. 
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2
nd leach: total digestion 
The refractory fraction was brought into solution by a total digestion using aqua regia and 
hydrofluoric acid (HF) (Eggiman and Betzer, 1976), which fully releases the trace 
elements including the aluminosilicate phases. Because of the possibility of trace element 
loss due to volatilization at higher temperatures, all processing steps were done in closed 
Teflon pots (15mL screw cap, Savillex).  
 
The reagents (HCl, HNO3, HF) used in the dissolution procedures were all high purity, as 
they were double-sub-boiled distilled acid and all operations were performed in a clean 
room. 
 
The first digestion was made with 2.4 mL of concentrated aqua regia for 24 hours at 
140°C. The solution was then taken to dryness. Following this, residues were dissolved 
with hydrofluoric acid (HF)/nitric (HNO3) for 24 hours at 140°C in order to dissolve any 
opal or silicates which may have been present. With a few samples, any residual organic 
matter was further digested by a heating evaporation cycle with more Q-HNO3 and HF 
(samples from Stations 15777 and 15595). 
 
Finally, a reduction step with 2mL of 6M HCl was done to drive off the fluorides for 24 
hours. Following complete dissolution, the solution was evaporated to dryness and 
redissolved in 2% HNO3 and kept in clean 15mL LDPE bottles (Nalgene) until analysis. 
Blank filters (n=6) were treated in the same manner as the sample and represent a total 
chemistry and procedural blank. A very small amount of acid migration through the 
threads was noted occasionally but blank runs indicated no significant contamination 
from the pots (Table II - 2). 
 
A dilution factor of 10-4600 depending on iron concentrations was applied to each sample 
and standard. These solutions were analyzed by inductively coupled plasma–mass 
spectrometry (ICP-MS, Agilent 7500 series) at the facilities of the School of Earth and 
Environmental Sciences in Portsmouth. A wide range of elements were analysed, 
including: Al, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Ag, Cd, Ba, Pb, Bi, Th, U, but only 
Fe and Al data will be presented and discussed in this thesis.  
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The data processing procedure includes linear drift correction, interference corrections, 
blank subtraction, calibration with international standards, and a dilution correction all 
software controlled. A full description of the protocol is given in Appendix II. 
 
Blanks, precision and accuracy - Accuracy and precision of chemical analyses of trace 
elements in SPM were determined by using Certified International Standard Reference 
Materials (JA-2; JB-2; MAG-1; SGR-1; BIR-1, TORT-2 and No.9 (NIES) and replicate 
analyses performed at the same time as for the samples. The values are reported in Table 
II -2 with the blank values (n=5). All data are blank corrected. The recoveries from CRM 
ranged between 98 and 108% of the recommended concentrations for all trace metals. 
The concentrations of metals in the analytical blank was about 0.00031 ppm for Al and 
0.0011 ppm for Fe, and this value is much lower than the concentrations analysed in 
samples. 
 
  Blank BIR-1  JA-2 MAG-1  JB-2  No. 9 NIES  SGR-1  TORT-2 
8.12 ± 0.27 
* 
10.2
 ± 0.35 
(n=4) 
8.15 
* 
 
9.35 ± 0.29 
(n=3) 
16.64 ± 0.3 
* 
18.4 ± 0.11 
(n=3) 
7.74 
* 
 
7.45 ± 0.75 
(n=3) 
215 
 
213 ± 3.92 
(n=3) 
6.52 ± 0.21 
* 
6.58 ± 0.14 
(n=3) 
- 
 
5.18 ± 0.23 
(n=4)  Al 
0.00031 ± 
0.00012 
(n=5) 
118 %  111 %  108%  100%  100%  100%  - 
7.87 ± 0.16  
 
* 
8.47 ± 2.6 
(n=4) 
4.34 
* 
 
 
4.25 ± 0.66 
(n=3) 
6.8 ± 0.6 
 
 
8.47 ± 0.84 
(n=3) 
9.96 
* 
 
 
10.35 ± 0.37 
(n=3) 
187 ± 6 
 
 
180 ± 9.2 
(n=3) 
3.03 ± 0.14  
 
* 
2.70 ± 0.12 
 
(n=3) 
105 ±13 
 
 
104 ± 6.05 
(n=4) 
Fe 
0.0011 ± 
0.00075 
(n=5) 
100% 100% 103% 100% 100%  98%  100% 
 
Table II - 2: Quality control results of replicate analyses of metals in standard reference materials. All 
concentrations are expressed in ppm except for *: weight %. Certified concentrations are in italics. 
Concentrations obtained in this study are in bold. % recovery is in blue. 
MAG-1: Marine mud, United States Geological Survey (USGS) 
SGR-1:  Oil Shale of the Green River Formation, USGS 
BIR-1: Icelandic basalt, Reykjavik dolerites, 12 km east of Reykjavik, Iceland 
JB-2:  Basalt from Oshima volcano erupted in 1950-51, Oshima, Tokyo, Geological Survey of Japan 
JA-2: Andesite, Goshikidai sanukitoid, 14Ma, Sakaide, Kagawa Prefecture, GSJ 
No. 9 NIES: Sargasso Seaweed, National Institute for Environmental Studies (NIES), Japan 
TORT-2: Hepatopancreas of lobster, NRC Canada  
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CHAPTER THREE: 
 
DISSOLVED IRON DISTRIBUTION 
AROUND THE CROZET ISLANDS, 
SOUTHERN OCEAN  
 
 
 
As reported in Chapter one, during the last decade, mesoscale iron enrichment 
experiments in the Southern Ocean (summarized by de Baar et al. (2005) and Boyd et al. 
(2007)), have clearly demonstrated that iron availability controls phytoplankton 
productivity. Without exception, these experiments have resulted in increased 
chlorophyll-a (Chl a) biomass after Fe additions. However, as pointed out by Chisholm 
(2000), such artificial enrichments cannot represent natural processes effectively, as the 
form of iron added is different from the forms naturally present in seawater. Furthermore 
the perturbation could lead to many unintended side effects such as changing the structure 
of the marine ecosystem, or generating greenhouse gases other than carbon dioxide, like 
DMS for example. 
 
Studying regions exhibiting high phytoplankton biomass resulting from a natural release 
of iron is an alternative way to determine the role of iron in regulating the biological 
carbon pump (Blain et al., 2007; Pollard et al., 2007a). The Crozet Islands are a good in 
situ laboratory, as interaction between water masses and margins of land masses is 
extensive therefore leading to a potential “island mass effect”. The CROZEX project 
provided an excellent opportunity to study in more detail the distribution and pathways of Chapter Three – Dissolved iron distribution around the Crozet Islands 
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iron around the Crozet islands as well as extend our collection of data as few data have 
been reported in the past for this area (Metzl et al, 1999; Sedwick et al.,2002). 
 
In the present chapter new data on dissolved iron (DFe, < 0.2 µm) distributions around 
the Crozet islands are presented. Sampling sites are first briefly described before 
presenting the results in detail. Key results have led to a publication in Deep-Sea 
Research II (Appendix III, Planquette et al., 2007). 
 
1  Presentation of the study area and sampling sites 
 
A full description of the Crozet Islands and associated Plateau is given in Chapter One 
and Appendix Three, including the main circulation features, and information on major 
nutrients and phytoplankton distribution over the survey area. The sampling strategy then 
the different analytical methods for nutrients, Chl a and DFe are described below. 
 
Figure III-1 represents the sites sampled during the first two legs of CROZEX in the 
austral summer 2004-2005. The bloom is likely to be constrained to the west and north by 
a branch of the Antarctic Circumpolar Current (ACC): the SubAntarctic Front (SAF). 
Surface flow over and past the Crozet Plateau and Islands is weak as suggested by surface 
drifter data (Pazan and Niiler, 2004) and the residence time of water is estimated at about 
100 days in this area (Venables et al., 2007; Pollard et al., 2007b). 
 
During the austral summer 2004-2005, the bloom peaked in late October just before the 
cruises began then decayed away from the islands, and a second bloom occurred in 
January. Chl a concentrations reached a local maximum of 8 µg L
-1 at the beginning of 
November north of the islands, with a maximum of 1.4 µg L
-1 at very close proximity of 
the islands. During the second bloom, Chl a concentrations reached 1.8 µg L
-1 at station 
M3 (Venables et al., 2007). The minimum concentrations of 0.6 µg L
-1 were found in the 
southern sites (Stations M2 and M6) that are not influenced by the islands. 
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Figure III - 1 Crozet Islands topography combining the main circulation paths (white lines), stations 
sampling sites and a SeaWIFS Chl a image for the austral summer 2005-2005. Stations located in the bloom 
area are in orange and purple. Stations out of the bloom area are in dark blue. Note that station M6 is 
outside the main grid. The residence time of 60 days is indicated in green. SAF stands for Sub Antarctic 
Front. BA stands for the 3 stations occupied in Baie Américaine on île de la Possession.  
 
Three main regions were sampled between 3rd November 2004 and 21st January 2005 
(Figure III - 1): 
- one to the north of the islands, in the bloom area (Stations M1, M3, M7 and 
M10),  
- one to the south of the island, which is the HNLC “control” region (Stations M2 
and M6) , 
- one in close proximity to the main island île de la Possession (Baie Américaine 
(BA) transect).  
 
Station M3 was sampled several times, providing an opportunity to assess the temporal 
evolution of conditions at one site (for full station details please see Table 1 in Appendix 
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Dissolved iron concentrations were determined by flow injection analysis with catalytic 
spectrophotometric detection (FIA-NTA-DPD method presented in Chapter Two) and 
other routine measurements such as nutrients and Chl a were processed on board by R. 
Sanders, M. Stinchcombe and P.J. Morris (Sanders et al., 2007) and C. Mark Moore and 
A. E. Hickman, (Moore et al., 2007); a summary of procedures can be found in Appendix 
II.  
 
2   Results 
 
Vertical profiles of DFe are shown and discussed below. They are grouped together for 
three broad locations as introduced above: an oligotrophic control area south of the 
plateau (Stations M2 and M6), a productive area north east of the plateau (Station M3, 
M1, M7, and M10) and Baie Américaine stations (BA, BA+1, BA+2) in close proximity 
to the plateau. Density, Chl a, macronutrients and iron concentrations are reported in 
Table III-1 below.  
 
Station details  Depth 
(m) 
DFe  
(nM) 
Density 
σ0 
Chl a 
(mg.m
-3) 
Nitrates  
and Nitrites 
(µmol L
-1) 
Silicates 
(µmol L
-1) 
Phosphates 
(µmol L
-1) 
 
M1 (491) 
11/11/2004 
43.92049 °S 
50.26742 °E 
3118m 
 
5 
10 
20 
40 
50 
60 
70 
110 
250 
500 
 
 
0.22 
- 
0.31 
- 
0.34  
- 
- 
0.38 
0.30  
0.29  
 
26.566 
26.566 
26.566 
26.567 
26.570 
26.571 
26.576 
26.882 
27.117 
27.347 
 
0.90 
0.76 
0.79 
0.77 
- 
0.73 
0.76 
- 
- 
- 
 
- 
- 
18.5 
- 
- 
18.38 
- 
27.95 
28.96 
32.91 
 
- 
- 
0.74 
- 
- 
0.86 
- 
26.18 
24.46 
48.98 
 
 
- 
- 
1.33 
- 
- 
1.31 
- 
2.00 
2.04 
2.28 
M3 (496) 
13/11/2004 
46.06809 °S 
51.78529 °E 
2287m 
5 
10 
15 
42 
65 
175 
218 
300 
- 
- 
0.10  
0.09  
- 
0.09  
0.10  
0.12 
26.822 
26.822 
26.822 
26.839 
26.839 
26.938 
26.981 
27.114 
0.61 
0.87 
0.68 
1.1 
1.03 
- 
- 
- 
23.01 
- 
22.91 
22.84 
- 
24.77 
25.56 
27.90 
6.12 
- 
6.11 
6.43 
- 
13.25 
16.63 
23.91 
1.66 
- 
1.64 
1.60 
- 
1.74 
1.80 
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M2 (502) 
19/11/2004 
47.79537 °S 
52.86216 °E 
3870m 
5 
10 
20 
40 
60 
80 
 
0.27  
0.24 
- 
0.24  
(4.38)a 
0.22  
26.871 
26.881 
26.890 
26.903 
26.912 
26.914 
0.34 
0.39 
0.35 
0.42 
0.43 
0.43 
25.06 
23.93 
23.83 
24.38 
24.43 
24.64 
15.49 
15.90 
15.89 
15.86 
15.61 
16.00 
1.78 
1.75 
1.79 
1.83 
1.75 
1.78 
M6 (511) 
22/11/2004 
49.00557 °S 
51.50046 °E 
4275m 
5 
10 
20 
40 
60 
80 
250 
 
 
0.20  
- 
0.25 
- 
0.21  
0.40  
26.948 
26.948 
26.960 
26.966 
26.974 
26.976 
27.129 
0.27 
0.25 
0.25 
0.45 
0.27 
0.38 
- 
24 
- 
- 
25.28 
24.56 
24.62 
- 
18.40 
- 
- 
18.67 
18.18 
18.52 
- 
1.75 
- 
- 
1.83 
1.77 
1.81 
- 
M3 (516) 
25/11/2004 
46.05961 °S 
51.79093 °E 
3986m 
 
5 
10 
20 
40 
60 
80 
 
- 
- 
(2.08)a  
0.19  
(0.40)  
0.28  
 
26.826 
26.826 
26.826 
26.841 
26.894 
26.928 
 
0.47 
0.48 
0.49 
0.49 
0.49 
0.41 
 
21.65 
21.07 
21.34 
21.24 
21.74 
22.28 
9.10 
9.02 
8.84 
9.46 
8.98 
11.21 
1.68 
1.56 
1.55 
1.54 
1.60 
1.64 
M7 (524) 
27/11/04 
45.49943 °S 
49.00242 °E 
2749m 
5 
10 
15 
25 
35 
55 
75 
100 
125 
150 
200 
300 
400 
500 
- 
(1.65)a  
(0.63)  
(0.73)  
0.29  
0.27  
0.44  
0.34  
0.23  
0.46  
0.20  
0.26 
0.46  
0.23 
26.675 
26.675 
26.675 
26.675 
26.677 
26.748 
26.920 
26.971 
27.013 
27.038 
27.103 
27.214 
27.293 
27.355 
1.34 
1.34 
1.39 
1.41 
1.38 
1.22 
- 
- 
- 
- 
- 
- 
- 
- 
19.05 
19.26 
19.69 
19.15 
19.13 
23.23 
25.93 
28.13 
27.48 
28.19 
29.7 
32.15 
32.83 
35.05 
0.06 
0.14 
0.18 
0.11 
0.25 
6.53 
13.88 
17.21 
18.90 
20.14 
22.99 
29.70 
39.41 
48.75 
1.26 
1.38 
1.30 
1.32 
1.32 
1.79 
1.84 
1.96 
1.87 
1.87 
1.99 
2.23 
2.36 
2.44 
M10 (563) 
21/12/2004 
44.52528 °S 
49.96059 °E 
2943m 
5 
10 
15 
25 
35 
55 
75 
125 
0.48  
- 
0.40 
- 
0.31  
- 
0.30  
0.16  
26.578 
26.577 
26.576 
26.578 
26.595 
26.666 
26.789 
26.943 
0.80 
0.73 
- 
0.8 
0.81 
- 
0.20 
- 
21.75 
- 
21.69 
- 
22.01 
- 
23.27 
26.15 
3.87 
- 
3.91 
- 
3 
- 
5.9 
15.16 
1.48 
- 
1.46 
- 
1.51 
- 
1.68 
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200 
 
0.30   27.075  0.037 29.03 22.54 1.97 
BA (567) 
22/12/2004 
46.36854 °S 
51.82754 °E 
83m 
 
5 
25 
50 
80 
1.05 
0.68 
2.16 
1.13 
26.830 
26.834 
26.863 
26.874 
0.57 
0.56 
0.54 
0.47 
23.95 
24.03 
24.04 
24.43 
7.91 
7.83 
8.74 
10.25 
1.71 
1.70 
1.72 
1.71 
BA+1 (568) 
22/12/2004 
46.32332 °S 
51.89459 °E 
379m 
5 
25 
50 
100 
200 
300 
376 
 
0.60 
0.52 
0.56 
0.39 
1.01 
2.08 
0.56 
26.819 
26.819 
26.823 
26.924 
27.034 
27.151 
27.262 
0.60 
0.62 
0.62 
0.27 
0.30 
0.19 
0.06 
22.28 
22.42 
22.14 
23.77 
28.35 
- 
30.34 
5.13 
4.91 
4.68 
8.77 
25.27 
- 
35.99 
1.61 
1.60 
1.64 
1.68 
2.00 
- 
2.14 
BA+2 (569) 
22/12/2004 
46.26997 °S 
51.97083 °E 
1491m 
5 
25 
50 
100 
300 
750 
 
0.16 
0.15 
0.32 
0.15 
0.42 
0.29 
 
26.796 
26.810 
26.899 
27.007 
27.199 
27.476 
0.88 
1.00 
0.45 
0.18 
0.04 
- 
 
22.52 
22.58 
24.80 
26.32 
29.59 
- 
3.75 
4 
10.73 
15.61 
29.26 
- 
- 
1.56 
1.68 
1.81 
2.08 
- 
M3 (572) 
22/12/2004 
46.06223 °S 
51.78169 °E 
2375m 
5 
10 
15 
25 
35 
55 
75 
175 
500 
 
(1.71)a 
- 
- 
0.26 
0.38 
- 
0.26 
0.31 
0.22 
26.720 
26.725 
26.725 
26.725 
26.725 
26.756 
26.829 
27.023 
27.316 
1.01 
0.948 
1.01 
0.95 
0.97 
0.82 
- 
- 
- 
22.64 
- 
- 
22.86 
22.80 
- 
23.65 
27.64 
32.56 
1.85 
- 
- 
1.70 
1.77 
- 
5.83 
19.98 
43.25 
1.53 
- 
- 
1.53 
1.55 
- 
1.71 
1.87 
2.39 
M3 (592) 
31/12/2004 
46.05134 °S 
51.77591 °E 
2404m 
5 
10 
15 
25 
35 
55 
100 
200 
 
0.24 
- 
- 
0.27 
- 
0.12 
0.41 
0.15 
26.725 
26.741 
26.747 
26.763 
26.774 
26.795 
26.933 
27.094 
0.61 
0.62 
0.72 
0.78 
0.73 
0.79 
- 
- 
22.52 
- 
- 
22.68 
- 
23.43 
25.65 
29.18 
2.72 
- 
- 
2.89 
- 
3.50 
11.13 
23.67 
1.49 
- 
- 
1.52 
- 
1.59 
1.70 
1.92 
M2 (605) 
06/01/2005 
47.80111°S 
10 
20 
40 
(0.52) 
- 
- 
26.690 
26.691 
26.714 
0.26 
0.30 
0.32 
22.55 
- 
- 
2.04 
- 
- 
1.54 
- 
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52.84952 °E 
3883m 
50 
60 
80 
100 
150 
160 
200 
 
0.09 
- 
- 
0.16 
- 
0.17 
0.11 
26.719 
26.734 
26.789 
26.846 
27.008 
27.027 
27.097 
- 
0.43 
0.72 
0.35 
0.13 
- 
- 
22.41 
- 
- 
23.90 
- 
- 
- 
1.84 
- 
- 
11.56 
- 
- 
- 
1.57 
- 
- 
1.80 
- 
- 
- 
M3 (622) 
10/01/2005 
46.03412 °S 
51.86656 °E 
2322m 
5 
10 
20 
40 
50 
60 
80 
100 
150 
200 
300 
400 
500 
0.15 
- 
0.23 
- 
- 
- 
0.10 
- 
0.09 
- 
0.34 
- 
0.20 
26.619 
26.620 
26.619 
26.705 
26.833 
26.889 
26.945 
27.006 
27.057 
27.133 
27.205 
27.264 
27.337 
4.94 
5.10 
4.95 
3.94 
0.88 
- 
0.29 
- 
- 
- 
- 
- 
- 
17.68 
- 
17.78 
- 
- 
- 
25.48 
25.97 
27.43 
- 
29.95 
- 
32.78 
0.19 
- 
0.37 
- 
- 
- 
15.05 
17.27 
23.80 
- 
31.79 
- 
49.04 
1.12 
- 
1.18 
- 
- 
- 
1.81 
1.84 
1.94 
- 
2.09 
- 
2.37 
 
Table III-1: Station locations, depth, dissolved iron concentrations (<0.2µm), density, Chl a, and 
macronutrients concentrations during D285 and D286. A dash indicates that no sample was collected; (a) 
denotes that the sample was grossly contaminated from OTE bottle, ( ) denotes that the sample is thought to 
be contaminated from the ship by a specific comparison with the rest of the profile.  
2.1  Southern Sites (M6&M2) 
 
Stations M2 and M6 (502, 605 and 511) are located south of the islands in HNLC water 
masses. Nitrates and Phosphates were non-limiting, with concentrations been comprised 
between 24 and 26 µmol L
-1 and 1.7 and 1.9 µmol L
-1 respectively (Figure III-3). Silicates 
concentrations were non-limiting at the beginning of the survey, reaching up to 18 µmol 
L
-1 in the upper water column, but became depleted down to 2 µmol L
-1 at the second 
occupation of M2 (Stn 605) in early January 2005 (Figure III-3).
  
 
These water masses are not believed to be influenced by the plateau as they have not been 
in contact with the islands (Figure III - 1). Consequently, the phytoplankton productivity 
for this region was low (< 0.5 gC m
-2 d
-1) (Seeyave et al., 2007).  Chapter Three – Dissolved iron distribution around the Crozet Islands 
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Figure III - 2: Variation of surface Chl a (merged MODIS/SeaWIFS data, courtesy of Hugh Venables) at 
stations M2 and M6 during the austral summer 2004-2005.  
Long dashed vertical bars represent the sampling dates for DFe vertical profiles. 
 
Figure III - 2 shows the variations of surface Chl a concentrations during the austral 
summer 2004-2005 as well as the specific days of sampling for DFe. The mean Chl a was 
obtained for each 8-day merged SeaWIFS/MODIS image, which improved coverage. All 
non non-cloud pixels were averaged in a 18.2 km radius circle about each station. Error 
bars give the standard deviation of the mean of these pixels (data provided by Hugh 
Venables). Only shallow depths (down to 200m) samples were analyzed for these 
stations. 
 
M6 (Figure III-3, a)- Surface water temperatures were close to 2°C and the constant 
density down to ~125m implies deep mixing. Consequently, DFe concentrations above 
this depth exhibit little variability (range 0.21- 0.25 nM), as well as macronutrients that 
are present in non-limiting concentrations. Chl a concentrations are also low (0.18-0.26 
µg L
-1), which can be explained by a low light regime at this time of the year. 
  Chapter Three – Dissolved iron distribution around the Crozet Islands 
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M2 (Figure III-3, b and c) is located north east of M6. Surface water temperatures varied 
from 3.3 and 5 °C. Between mid November (b) and early January (c), Chl a values varied 
between 0.26 and 0.35 µg L
-1 whilst DFe decreased from 0.22 nM to 0.09 nM during this 
period in the top hundred meters. This decrease corresponds to a small bloom (Figure III - 
2 and in Venables et al., 2007) that occurred in late December, with the phytoplankton 
community presumably removing the available iron and the silicates that became depleted 
in early January (Figure III-3). Overall, these values are consistent with this being a 
typical HNLC region in contrast to the north of the plateau described hereafter. 
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Figure III - 3: Water column profiles of DFe (top), density (black lines), chlorophyll a  (middle), 
macronutrients (bottom)  at the Southern sites ((a) M6. Stn 511 (22/11/2004); b) M2.1, Stn 502 
(19/11/2004); c) M2.2, Stn 605 (06/01/2005)). Chapter Three – Dissolved iron distribution around the Crozet Islands 
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2.2  Northern Sites 
 
Four stations (M1, M3, M7 and M10) were sampled in the area located north of the 
plateau (Figure III - 1), where they can be potentially affected by a natural “island mass 
effect”. As Station M3 was sampled on 5 occasions, it will be described in a separate 
section. The three other sites will be presented later. 
 
M3 (Figure III - 5): This station is located ~35km north of the plateau in an area where it 
was hypothesised that the bloom developed in direct response to an input of dissolved 
iron from the islands. This station was occupied 5 times and at each occupation of this 
station, major nutrients as well as productivity were measured. The main observation was 
that nitrate concentrations decreased from 24 μM to 18 μM over the sampling period and 
initial silicate concentrations of 18.5 µM became almost totally depleted (0.2 µM) in this 
region by mid January (Pollard et al., 2007a), which marked the end of the bloom (Figure 
III-5). 
 
Figure III - 4: Variation of surface Chl a (merged MODIS/SeaWIFS data, courtesy of Hugh Venables) at 
stations M3 during the austral summer 2004-2005. Long dashed vertical bars represent the sampling dates 
for DFe vertical profiles Chapter Three – Dissolved iron distribution around the Crozet Islands 
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Figure III - 5: Water column profiles of DFe (top), density, chlorophyll a (middle) and macronutrients 
(bottom) at M3 ((a) Stn 496 (13/11/2004), b) Stn 572 (22/12/2004), c) Stn 592 (31/12/2004), d) Stn 622 
(10/01/2005)). Chapter Three – Dissolved iron distribution around the Crozet Islands 
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The production was estimated at ~3 gC m
-2 d
-1 during the secondary bloom in January 
(Seeyave et al., 2007). 
 
Sea surface temperature varied from 4.4 °C at the beginning of the sampling period (Stn 
496, 13/11/2004) to 6.1 °C at the end (Stn 622, 10/01/2005). The mixed layer depths were 
relatively shallow (40-70m) for all the occupations. 
Four stations are shown on Figure III - 5, as too few data were available for Station 516 
(Table 1, Appendix III).  The first occupation (496, Figure III - 5a) was in the declining 
stage of the first main bloom event in mid October. At this time, this station appeared to 
be under the influence of an influx of new water coming from the South (Pollard et al., 
2007b). Consequently, surface chlorophyll concentrations were low at this station, with a 
maximum of 0.15 µg L
-1 at 42m depth. DFe concentrations above the mixed layer depth 
had a mean value of 0.1 nM, this depletion being due to uptake by phytoplankton. 
Silicates were also depleted down to 5 µmol L
-1. The later two occupations (Stations 572, 
Figure III - 5b and 592, Figure III - 5c) exhibit low chlorophyll concentrations, varying 
from 0.58 to 0.85 µg L
-1 within the mixed layer. Silicates were depleted down to 2 µmol 
L
-1, and in parallel, DFe concentrations in the upper water column varied with time, and 
had a mean value of 0.26 nM within the mixed layer. At station 592, a DFe maximum of 
0.4 nM was observed just below the pycnocline at 100m depth which may be due to 
active recycling, or lateral advection. Unfortunately, no precise answer can be given and 
it could be as well a combination of both processes.  
 
The last occupation in January 2005, (Station 622, Figure III - 5d) was sampled right 
before the maximum of Chl a during the secondary bloom event (Figure III - 4), with Chl 
a concentrations reaching 5 µg L
-1 at 20m depth with DFe and silicates concentrations 
depleted down to 0.1 nM and 0.2 µmol L
-1  within the mixed layer. Another DFe 
maximum of 0.34 nM was observed at 300m maybe due to remineralisation processes or 
advection of iron enriched waters. No values as high at this depth were found at the 
Southern sites. 
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Other northern sites: M1, M10, M7  
 
These stations are located downstream of the plateau, Station M7 being the most western 
one, located right above the edge of the Plateau. A main bloom event occurred from the 
end of September until the end of October (Figure III - 6), with Chl a concentrations 
reaching up to 6 μg L
-1 in surface. 
 
Figure III - 6: Variation of surface Chl a (merged MODIS/SeaWIFS data, courtesy of Hugh Venables) at 
stations M1, M7 and M10 during the austral summer 2004-2005.  
Long dashed vertical bars represent the sampling dates for DFe vertical profiles 
 
M1 and M7 were sampled in November; during the declining stage of the main bloom 
event, when the concentrations of Chl a were quite high for both, 0.79 for M1 and up to 
1.20 µg L
-1 at M7 respectively.  Chapter Three – Dissolved iron distribution around the Crozet Islands 
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Figure III - 7: Water column profiles of DFe (top), density, chlorophyll a (middle) and macronutrients 
(bottom) at M1 (a,Stn 491), 11/11/2004), M7 (b, Stn 524, 27/11/2004), and M10 (c, Stn 563, 21/12/2004). 
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DFe concentrations were in a similar range at all these stations, around 0.3 nM in the 
upper water column with no evident  depth related trends (Figure III - 7). M10 was 
sampled after the major bloom in late December. Concentrations of iron are higher, 
around 0.5 nM and chlorophyll concentrations are very low, 0.3 µg L
-1. DFe 
concentrations exhibit similar concentrations to those reported by Croot et al. (2004a) 
along a 6°E transect in the Southern Ocean and Sedwick et al. (2002) around the Crozet 
Islands for the 0.4 µm filtered fraction with concentrations ranging from 0.1 nM in 
surface waters to 0.5 nM at greater depths. A low level variability is evident between 
these stations, with concentrations ranging from 0.2 nM to 0.4 nM in the upper water 
column. 
 
2.3  Baie Américaine  
 
This bay is located at the north eastern flank of Île de la Possession, which is one of the 
main islands of the Crozet Archipelago. A series of 3 CTD casts were performed on the 
same day, in order to provide a near shore data set of DFe. 
 
Figure III - 8: Variation of surface Chl a (merged MODIS/SeaWIFS data, courtesy of Hugh Venables) at 
stations BA, BA+1 and BA+2 during the austral summer 2004-2005. Long dashed vertical bars represent 
the sampling dates for DFe vertical profiles. Chapter Three – Dissolved iron distribution around the Crozet Islands 
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This corresponds to 3 stations that were occupied: 567 (Figure III - 9a), 568 (Figure III - 
9b), and 569 (Figure III - 9c), which were located progressively further away from the 
shore. Station 567 was approximately 1 km from the shore, in shallow waters (80m).  
 
At Station 567, DFe concentrations were remarkably high (> 0.5 nM), with a 2.16 nM 
peak at 50m depth and surface values were close to 1 nM (Figure III - 9a). Interestingly, 
Chl a concentration within this mixed, and potentially turbid, water column were low, 
with a mean value of 0.5 µg L
-1, suggesting the potential for light limitation within near 
shore waters. 
 
Station 568 is located north east of 567 and at ~8.2 km distance from the shore. Within 
the mixed layer (80m), DFe and Chl a concentrations were relatively constant, at around 
0.5 nM and 0.5 µg L
-1 respectively. Elevated DFe concentrations of 1nM at 200 m then 2 
nM at 300 m, and a lower value of 0.5 nM near the bottom (376m) were observed. 
 
The last station (569) offshore in this transect was located 16 km away from the shore. 
Here again, within the mixed layer (50m) DFe and Chl a concentrations were relatively 
constant. An increase in the DFe concentration of 0.4 nM was observed at 300 m depth. 
Chl a concentration were higher at station 569, up to 1.67 µg L
-1, which corresponded to a 
low DFe concentration (0.18 nM) in surface waters. 
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Figure III - 9: Water column profiles of DFe (top), density, chlorophyll a (middle) and macronutrients 
(bottom) along a transect from Baie Américaine on 22/12/2004.  
(a) BA, Stn 567, (b) BA + 1, Stn 568, (c) BA + 2, Stn 569. Chapter Three – Dissolved iron distribution around the Crozet Islands 
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3  Discussion 
 
This new data set allows a comparison with other studies conducted in other parts of the 
Southern Ocean. Moreover, repeated occupations of Station M3 provide a quasi time 
series and highlight the complexity of the processes influencing the bloom. Therefore, the 
relationship between Chl a and DFe distribution will be discussed at this station. Finally, 
using the Baie Americaine profile, the possible island source that can fertilize the semi-
enclosed area north of the Crozet Islands will be presented. 
 
3.1  Comparison with other studies 
 
The surface concentrations of DFe are similar to recently reported values in this sector of 
the Southern Ocean. In late summer 1998, Croot et al. (2004a) using chemiluminescence 
detection found dissolved iron (<0.4 µm) concentrations ranging from 0.04 nM outside 
the fertilized area to 0.58 nM along a 6°E transect. Sedwick et al. (2002), during 
ANTARES IV (Jan-Feb 1999) around the Crozet Islands, reported DFe concentrations 
varying between 0.09 nM and 0.50 nM over the top 300m (<0.4 µm) using catalytic 
spectrophotometric detection (Measures et al. 1995.). More recently, Blain et al. (2007) 
reported a mean concentration around the Kerguelen Islands of 0.09 ± 0.034 nM over the 
top 500m. However, a study conducted around the Kerguelen Islands (Bucciarelli et al. 
2001) observed considerably higher concentrations of DFe, in the order of 7 nM. This 
difference may be explained by the time of sampling, which was prior to the bloom event 
in October therefore prior to the main uptake by the phytoplankton, and as well by the 
presence of high concentrations of lithogenic material emanating from coastal 
wheathering, river discharge and inputs noted within the coastal waters of Kerguelen 
(Blain et al., 2001). As iron is considered to be the main limiting nutrient, one might 
expect that a high input of iron will promote a bloom which will cause an increase in 
chlorophyll and gradually a decrease in iron concentrations. However, we do not expect a 
simple relationship between DFe and Chl a. This may reflect changes in iron uptake and 
the fact that the phytoplankton community is affected by other factors such as light 
availability and grazing (Lancelot et al. 2000). For example, the fact that the Chl a 
concentrations are low at very close proximity to the shore (station 567) and where DFe Chapter Three – Dissolved iron distribution around the Crozet Islands 
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are the highest could indicate that the light mixing regime is not favourable to the 
phytoplankton community in these turbid waters. 
 
3.2  Upper water column (50m) distributions of DFe and their relationship 
to Chl a at M3 
 
M3 station is located downstream of the Crozet Islands (Figure III - 1) but is occasionally 
influenced by advection of near surface waters from the South (Pollard et al., 2007b).  
 
Figure III - 10 represents the variation of integrated Chl a and DFe over time at M3. The 
first occupation of this station (M3.1, Stn 572, Table III-1) was sampled at the end of the 
main bloom, when biological uptake has certainly reduced the bioavailable DFe and 
silicates to a concentration resulting in limitation of the phytoplankton population by mid 
November (Lucas et al., 2007). A change in the phytoplankton community structure has 
also been observed by Poulton et al. (2007), the colony evolving from diatoms to 
Phaeocystis. A temporally and spatially variable Fe resupply proximal to the Plateau may 
have occurred and reinitiated or maintained small bloom regions. It is also likely that 
some DFe recycling processes occurred. A combination of these factors may thus explain 
the high integrated Chl a observed in mid January and simultaneous decrease in 
integrated DFe (Station 622). An additional factor of importance seems to be the ambient 
irradiance which appeared to be the component which initiates the bloom and early 
development (Venables et al., 2007), usually in October. 
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Figure III - 10: Variation of integrated Chl a and DFe at station M3 (496 refers to M3.1, 572 to M3.4, 592 
to M3.5 and 622 to M3.7) 
 
Moore et al. (2007a, 2007b) calculated the growth rates of phytoplankton species after 
different addition of DFe, under low and high light conditions. The reported values to the 
north of the plateau were of comparable magnitudes to the maximal growth rates 
estimated for the natural population around the Kerguelen Islands.  
 
Within the declinging stages of the bloom in the northern area, growth rates were low, 
presenting the evidence for Fe limitation. Enhanced phytoplankton photochemical 
efficiencies (Fv/Fm) with higher DFe concentrations were also observed in situ. 
 
At any particular time the relationship between DFe and Chl a will also depend on the 
stage of bloom progression and the amount of biological Fe uptake which has occurred. 
 
3.3  Lateral sources of Fe from the island system  
 
The first station sampled immediately in the vicinity of Baie Américaine was Station 567, 
which had average DFe concentration of 1.25 nM. The next station, located Chapter Three – Dissolved iron distribution around the Crozet Islands 
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approximatively 3 kms away from the shore was Station 568 and had average DFe 
concentration of 0.81 nM. These are the highest concentrations found during this study 
and indicate that the island system is a source of iron. This source can be from sediments 
on the shelf (Elrod et al., 2004), direct runoff and there is also the possibility that soluble 
Fe can be leached from suspended particles as they are laterally advected through the 
water column (Lam et al , 2006). 
 
Moreover, Stations 567, 568, 569 (Baie Américaine) and 572 (M3) show a clear 
decreasing gradient (Figure III - 11) of DFe concentrations at all depths.  
 
Figure III - 11: DFe versus distance from the shore along the Baie Américaine transect extended out to M3 
(Stn 572). 
 
Using the same approach as Johnson et al. (1997), it is possible to estimate a scale length 
which is defined as “the distance over which concentrations drop to 1/e of the initial 
value”. Looking at the upper 50m, the scale length here is 25 km, which is considerably 
lower than the scale length of 151 km estimated by Bucciarelli et al. (2001) in the vicinity 
of Kerguelen Islands in the near shore waters. This difference may be explained by a 
different circulation pattern around the two islands and by the difference between the 
respective surface areas of the islands as well as a different sampling time. The magnitude 
of natural iron fertilization may well depend on the surface area of the islands: the Chapter Three – Dissolved iron distribution around the Crozet Islands 
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Kerguelen Islands have a surface area of 7000 km
2 and the Crozet Islands only 350 km
2  , 
which
  could explain the smaller scale length calculated here. Significant loss of iron 
advected from the sediments and shelf can occur too, in particular with scavenging onto 
sinking particles, which can remove iron before it can be distributed to the entire bloom 
region which extends well north of M3. 
 
Despite a relatively short scale length, it is possible to suggest the following fertilizing 
scenario. The circulation, as described by Pollard et al. (2007b) has the consequence of 
semi-enclosing the area to the north of the Crozet Plateau (Figure III - 1) where the 
residence time of surface water is ~100 days. Consequently the large bloom observed in 
this HNLC area is clearly constrained by this northern branch as well as any dissolved 
iron from the islands and the associated plateau. If one considers the island and the 
plateau systems to be a source of iron throughout the year then, during the low light 
conditions of the winter when primary production is low, the concentration of iron can 
build up and disperse laterally to then be readily available to phytoplankton in spring 
time. A detailed explanation of this hypothesis and resulting calculations is presented in 
Chapter Five, together with other inputs that can be considered, such as atmospheric 
inputs, particulate inputs or vertical mixing. 
 
4  Conclusion 
 
The distribution of DFe in the study area revealed that there were not significant 
differences in surface concentration between the northern sites and the southern sites. 
However, the concentrations of DFe observed in this study are the net effect of the inputs, 
the biological cycling as well as the removal processes.  
 
The vertical profiles obtained at the transect of stations from Baie Américaine shows a 
distinct concentrations gradient, thus providing strong evidence for the island shelf 
system being a source of Fe. Due to the circulation patterns and low light levels in the 
winter, it is anticipated that the iron liberated from this source can accumulate during the 
winter and be available for phytoplankton when the spring arises.  
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Other input terms to the surface water will have to be considered including for example 
atmospheric deposition input and vertical mixing. This will be developed in Chapter Five. 
 
It is also necessary to look at the potential role of suspended particles. Scavenging 
processes are likely to occur and it is reported that soluble Fe can be leached from large 
suspended particles as they are laterally advected through the water column as recently 
described by Lam et al. (2006). It is also possible that colloidal iron may be released from 
sediments and added to the Fe advected to the bloom area. These additional sources 
would increase the iron budget at the end of the winter and require further investigation. 
Unfortunately, no samples for smaller particles (0.4 - 53µm) were taken so this potential 
source will remain unknown for the moment. 
The case of iron in suspended particulate matter sinking out of the mixed layer is 
investigated in the next chapter.  
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CHAPTER FOUR: 
 
THE DISTRIBUTION OF IRON AND 
ALUMINIUM IN LARGE SUSPENDED 
PARTICLES 
 
 
 
As detailed in Chapter One, iron exists in seawater in different chemical and physical 
forms; these determine its bioavailability to organisms as well as its transport. Until 
recently, the majority of research has focused on DFe even if the total iron in a seawater 
sample is heavily dominated by the particulate fraction (De Baar and De Jong, 1991; 
Coale et al., 2005).  
 
The particulate pool is highly complex to study, because both biogenic and non biogenic 
particles are present, and because trace metal distributions are controlled by several 
processes including surface adsorption, biological uptake, and particle sinking (Collier 
and Edmond, 1984). For example, iron bound to particles can be quickly incorporated 
into the sediments whereas free iron and iron bound to ligands in solution should have a 
longer residence time in water and may be transported over long distances or interact 
more readily with organisms and surfaces. Therefore, the content of iron can be high in 
seawater but its bioavailability is probably limited. Chapter IV – Distribution of iron and aluminium in large particles 
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A better understanding of potentially bioactive iron concentrations and fluxes around the 
Crozet Islands is of importance when looking at the effect of natural iron fertilization on 
particulate organic carbon (POC) export. It is crucial to examine the downward flux of 
Fe, as it could be a major sink in the iron cycle, therefore contributing to the control of 
phytoplankton ecology in HNLC regions. It could help in answering whether or not 
increased iron supply will elevate carbon sequestration to the deep ocean. It is also 
important to note that the downward flux and content of iron remains poorly studied in 
the Southern ocean. 
 
Here, a two step sequential leach (Chapter Two and Appendix II) is used to investigate 
the concentrations of aluminium and iron in a series of samples of large suspended 
particles (>53 µm) taken just below the mixed layer during CROZEX (Austral summer 
2004/2005) and Benthic Crozet (Austral summer 2005/2006). This larger size class of 
particles (>50 µm) is considered to represent the bulk (90 %) of particles rapidly settling 
out of the water column (Bishop et al., 1977, Clegg and Whitfield 1990, Buesseler et al., 
2006). Aluminium concentrations in particles are important to determine as they can be 
used to provide a clear indication of what fraction of the iron present is associated with 
aluminosilicate phases. It has been conventionally used to estimate the continental 
contribution to marine sediments (Saito et al., 1992), which could help to identify the 
island source. 
 
This sequential leach was applied to each sample of large particles and gave both “acid 
leachable” or “labile” and “refractory” metal concentrations, elsewhere referred to as 
“reactive” and “non reactive” forms by Landing and Bruland (1987).  
 
Results are presented according to the three zones predefined in the previous chapter, i.e., 
north and south of the islands, and in close proximity to them. Concentrations of 
particulate aluminium and iron in the filtered seawater are presented as well as their 
concentrations within the particles. Scanning Electronic Microscopy (SEM hereafter) 
images are shown for several stations too. Both phases will be discussed in relation to 
Particulate Organic Carbon (POC). 
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1  Sampling sites 
SPM concentrations in seawater vary over at least five orders of magnitude depending on 
the region where they are sampled. Minimum concentrations of 0.5 µg L
-1 have been 
observed in oligotrophic areas of the open ocean whereas SPM content in coastal waters 
can exceed 50 mg L
-1 (Eggiman and Betzer, 1976; Helmers, 1996). Therefore, in HNLC 
regions away from land masses, there is a need to filter large volumes of seawater in order 
to get enough material to process. In this study, SPM was collected in the waters 
surrounding the Crozet Islands, to the North, South and East during the austral summers 
2004/2005 and 2005/2006, in the framework of the CROZEX program (Figure IV-1). 
Sampling was generally carried out just below the mixed layer depth, typically 5 to 10m 
below the density discontinuity. During the surveys, the mixed layer depth ranged from 
30 to 225m (Table IV - 1).  
 
Large particles (>53 µm) were collected on 293mm diameter nylon meshes using 
Challenger Oceanics Systems and Services in situ pumps (see Chapter Two). There was 
one particular deployment during D300 where two SAPS were deployed at the same time, 
one close to the bottom (340m) and the other one at 70m depth. Only one sample was 
found to be contaminated (Station 15775#9, D300). The concentrations of Fe in the 1
st 
leach were too high (840 µg g
-1) compared to the range of the concentrations observed 
elsewhere (0.2-110 µg g
-1, see Table IV-2). This is probably due to some contamination 
during the handling after deployment.  
 
 
 
Figure IV - 1: Sampling sites during CROZEX (D285/D286, left) and Benthic Crozet (D300, right). The 
major currents are represented by the solid green lines superimposed on the topography. Chapter IV – Distribution of iron and aluminium in large particles 
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Station # 
Latitude 
(°S) 
Longitude 
(°E) 
Depth 
(m) 
Volume 
filtered 
(L) 
Mass 
collected 
(mg) 
Station 
# 
Latitude 
(°S) 
Longitude 
(°E) 
Depth 
(m) 
Volume 
filtered 
(L) 
Mass 
collected 
(mg) 
15494#2 
M3 
46.05766  51.78060  225  1933  173.8 
15554 
M9 
42.99510  47.02378  120  1861  14.3 
15499#2 
M3 
46.02599  51.81050  155  1502  19.28 
15563 
M10 
44.52528  49.96059  110  1817  21.6 
15503#2 
M2 
47.79552  52.85540  150  2017  61.15 
15573#2 
M3 
46.06834  51.77819  180  1945  16.0 
15511#1 
M6 
49.00557  51.50046  200  2053  68.85 
15580 
M5 
45.99740  56.15210  125  1001  15.8 
15517#2 
M3 
46.07007  51.77153  200  1990  43.25 
15591 
M3 
46.04319  51.77791  100  1909  33.6 
15524#1 
M7 
45.49893  49.00171  150  1940  89.06 
15595 
M6 
48.99897  51.53799  120  1878  127.4 
15533#1 
M8E 
44.95355  49.94103  200  1972  67.91 
15604 
M2 
47.80029  52.84838  160  1653  84.3 
15539#2 
M8W 
44.87236  49.64711  150  1842  166.36 
15620 
M3 
46.03230  51.87041  80  1493  12.6 
15543#2 
M9 
43.11740  47.18411  120  1719  83.0 
15628 
M3 
46.04089  51.96060  80  2031  22.2 
Station # 
Latitude 
(°S) 
Longitude 
(°E) 
Depth 
(m) 
Volume 
filtered 
(L) 
Mass 
collected 
(mg) 
15773#3 
M5 
46.00383  56.26683  140  2169  94.2 
15773#41 
M5 
45.94017  56.42483  100  2278  57.2 
15775#9 
M6 
49.07383  51.24817  100  2339  147.6 
15775#29 
M6 
49.10717  51.20933  110  2359  38.8 
15776#2 
Crozet 
46.49917  51.91633  70  2434  21.7 
15776#2 
Crozet 
46.49917  51.91633  345  2313  36.4 
15777#1 
Crozet 
46.38067  51.82933  30  1647  43.8 
 
 
 
 
 
 
Table IV - 1: Details of SAPS deployments during 285 (no shading), D286 (light grey shading) and D300 
(dark grey shading) 
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Station M3 immediately north of the islands was sampled on 7 occasions, providing an 
opportunity to examine the variation of trace metal content throughout a period of nearly 
3 months. In addition, several other samples were taken in area north of the islands where 
natural iron fertilization was anticipated (M7, M10, M8E, M8W). Two particular sites, 
M8E and M8W were sampled because of their contrasts: the first site had low 
concentrations of Chl a, relatively high macronutrients (Si: 2.9 µmol L
-1) and a deep well 
mixed layer, whereas the second site had high concentrations of Chl a, depleted 
macronutrients (Si <0.1 µmol L
-1) and a shallower stratified surface layer (Read et al., 
2007). These two sites were only 12 nautical miles apart. Southern sites (M2, M6) 
referred in the previous chapter as our “control sites” were sampled on different occasions 
too, over two austral summers. Finally, M9 to the north of the Polar Front Zone was 
sampled on two occasions.  
 
Samples were treated by the two selective chemical digestions (Chapter Two) and 
concentrations of iron and aluminium were determined by ICP-MS, in both fractions: the 
acid leachable and the refractory fractions. POC concentrations were determined by the 
technique detailed in Appendix II by Bob Head at the Plymouth Marine Laboratory. 
 
2  Results 
 
Acid leachable fraction of aluminium and iron will be first presented, then total 
concentrations will be discussed .These results are necessary for the quantification of the 
vertical iron export (Chapter Five).  
2.1  Distribution of SPM (>53 µm) and POC 
 
SPM concentrations varied from 7.66 μg L
-1 (Station 15554 M9) up to 90.31 µg L
-1 
(Station 15539#2, M8W) (see Figure IV-1 for the locations). The majority of the 
concentrations found between the three legs were lower than 30 µg L
-1 representing nearly 
60% of the samples (Figure IV - 2), which is a characteristic range for oligotrophic 
waters. On two occasions only did concentrations reach 90 µg L
-1. At M3, this 
concentration was measured 13 days after a maximum peak in Chl a of 2.5 µg L
-1. Chapter IV – Distribution of iron and aluminium in large particles 
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Figure IV - 2: Distribution of samples according to their SPM concentration. 
 
Figure IV - 3 shows the variations of satellite derived surface Chl a concentration and  
SPM content of seawater below the mixed layer depth at Station M3. SPM concentrations 
follow very well the variation of Chl a and bracket the minimum and maximum values 
observed during the cruise.  
 
 
Figure IV - 3: Variation of surface chl a (black diamonds) and SPM (grey squares) concentrations obtained 
at the bottom of the mixed layer depth at station M3 during D285&D286 Chapter IV – Distribution of iron and aluminium in large particles 
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The southern sites that are not under the influence of the islands have similar 
concentrations of SPM with the northern sites (on average 38 µg L
-1  and 32 µg L
-1 
respectively, Table IV-2). Therefore, it is difficult to distinguish the northern sites from 
the southern sites in terms of SPM concentrations. However, there is clear relationship 
between the SPM and POC concentrations at all sites, as shown in Figure IV - 4, 
indicating that the samples were mainly biogenic in origin. 
 
Figure IV - 4: POC versus SPM concentrations during D285, D286 and D300. A distinction is made 
between the Northern sites (♦, R
2 = 0.97), Southern sites (◊, R
2 = 0.94). 
 
Stations sampled outside the Polar Front Zone (M9) will be left out of the discussion here 
as they are neither under of a possible influence of the Crozet Islands nor true HNLC sites 
as they can be under the influence of the Algulhas Return Current. Only the stations to the 
North (M3, M7, M8E, M8W, M10) and to the South (M2, M6) will be studied in detail.  
 
Overall, there is good correlation between POC and SPM concentrations in both regions 
(South: r
2=0.97; North: r
2=0.94). POC concentrations ranged from 0.04 µmol L
-1 
(15776#1, Crozet) to 0.89 µmol L
-1 (15539#2, M8W). Interestingly, the lowest POC Chapter IV – Distribution of iron and aluminium in large particles 
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concentration was found at the closest station from Île de la Possession, confirming that 
the phytoplankton must have been inefficient due to high turbidity regimes and 
subsequent low light availability (Chapter Three). There was also no clear evidence of 
large differences in average POC concentrations between the two main regions (north, 
south) at the time of sampling. Various factors such as light regime, nutrients availability, 
or bioavailability of iron can explain this similarity in POC concentrations (Morris et al., 
2007).  
2.2  Acid leachable fraction of trace metals in SPM (>53 µm) 
 
Although the scientific community is still not clear on which method best provides an 
estimate of the potentially biologically available iron, there is a consensus to define this 
fraction as the acid labile or reactive fraction (Johnson et al., 2005). In such a system 
where the “island effect” could have an influence on the distribution of iron, it is 
necessary to consider all forms of iron. Wells et al. (1991, 2000) demonstrated that the 
availability of iron to phytoplankton would be affected by the dissolution of solid forms 
as well as the colloidal influence on its uptake. Wells et al. (2000) applied a 25 % acetic 
leach (HAc) on their particulate samples. This treatment of suspended particles allows the 
determination of the labile or “acid leachable” fraction to phytoplankton by displacing 
adsorbed ions, dissolving Ca and Mg carbonates and some fraction of Al, Fe, Mn 
oxyhydroxides (Landing and Bruland, 1987). The second and final extraction by aqua 
regia and HF digests the remaining “refractory” particles that are considered to be 
unavailable to phytoplankton. Therefore, the HAc leach gives an operational measure of 
metals associated with the particles bound Fe-Mn oxides coatings that are potentially 
available to participate in short tern biogeochemical reactions (Hatje, 2003). The 
abundance of these HAc-soluble particulate forms should increase in areas where 
dissolved Fe is being scavenged to particulate forms.  
 
The results of the first leach analyses in seawater of Al and Fe (HAc-Me in pmol L
-1 and 
µg g
-1) are summarized in Table IV-2, which also gives SPM and POC concentrations at 
all sites.  
 
The broad distributions of HAc-Me in the three regions of the study area are detailed 
below. Chapter IV – Distribution of iron and aluminium in large particles 
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Station #  SPM 
μg L
-1 
POC 
 μmol L
-1 
HAc-Al 
 pmol L
-
1 
HAc-Al 
 µg g
-1 
HAc-
Fe 
pmol L
-
1 
HAc-
Fe  
µg g
-1 
15494#2 M3  89.9  0.86  4.60 1.38 1.58  0.98
15499#2 M3  12.8  0.19  8.84 18.6 11.7  51.0
15503#2 M2  30.3  0.30  0.57 0.51 0.40  0.74
15511#1 M6  33.5  0.26  1.47 1.18 0.96  1.60
15517#2 M3  21.7  0.33  1.38 1.72 0.46  1.18
15524#1 M7  45.9  0.45  0.66 0.39 0.41  0.50
15533#1 M8E  34.4  0.34  4.98 3.91 2.68  4.35
15539#2 M8W  90.3  0.89  1.54 0.46 0.35  0.22
15543#2 M9  48.3  0.96  2.43 1.36 0.74  0.86
15554     M9  7.66  0.64  3.11 10.9 2.13  15.5
15563     M10  12.0  0.28  0.35 0.79 0.19  0.88
15573#2 M3  8.23  0.17  1.02 3.34 0.82  5.56
15580     M5  15.8  0.41  0.94 1.61 0.33  1.17
15591     M3  17.6  0.23  0.28 0.43 0.36  1.14
15595     M6  67.8  0.55  0.38 0.15 2.18  1.80
15604     M2  51.0  0.47  0.26 0.14 0.08  0.09
15620     M3  8.43  0.16  1.47 4.70 3.52  23.3
15628     M3  10.9  0.26  0.14 0.35 1.78  9.12
15773#3 M5  43.4  0.40  1.24 0.77 1.35  1.74
15773#4 M5  25.1  0.53  4.81 5.17 0.55  1.22
15775#29 M6  16.5  0.16  0.62 1.01 0.30  1.02
15776#1 Crozet  8.92 0.04  12.9 39.2 17.6  110
15776#2 Crozet  15.7 0.33  4.11 7.06 1.96  6.97
15777#1 BA  26.6  0.34  32.5 33.00  22.2  46.6
Average 
Northern sites  32.0 0.38  2.3  3.57  2.17  8.94 
Average 
Southern sites  39.8 0.35  1.34  0.60  0.78  1.05 
BA 17.0  0.34  32.5  33.00  22.2  46.6 
 
Table IV - 2: Concentration of acid leachable Fe and Al (HAc-Me) in seawater and in particles. The % of 
HAc-Me relative to the total fraction, as well as the concentrations of POC and SPM at all stations during 
D285, D286, D300.  
 
HAc-Me  - Maximum concentrations of HAc-Fe were obtained at Baie Américaine, 
reaching 22.2 pmol L
-1 and at another station close (14 kms) to Île de la Possession, 
where the HAc-Fe concentration was 17.6 pmol L
-1. These high values, 10 times greater 
than the average measured elsewhere support the hypothesis introduced in the previous 
chapter that the islands are a source of potentially bioavailable iron. In addition to these 
high concentrations of HAc-Fe, high concentrations of HAc-Al in seawater (up to 32.5 
pmol L
-1) were observed at this station, which supports the hypothesis of an island source. 
The highest concentrations of leachable iron and aluminium in the particles were found at 
Station 15776#1 (Crozet, 75m) and at Baie Américaine. Particles were enriched by a Chapter IV – Distribution of iron and aluminium in large particles 
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factor of almost 100 compared to the particles sampled at other sites. SPM at 340 m was 
much less enriched in Al (7.06 µg g
-1) and Fe (6.97 µg g
-1).  
 
The northern region which is under the influence of the islands has higher average 
concentrations of metals than the Southern sites. However, this high average is due to 
elevated concentrations found at two particular stations, M8E and M3 (15499) reaching 
up to 18.6 µg g
-1 for Al and 51 µg g
-1 for Fe. Very low POC concentrations were found at 
these sites. If these points are removed from the calculation, then the difference between 
the northern sites and southern sites is less clear.  
 
The southern sites have similar SPM concentrations  to the northern sites and the 
maximum of HAc-Me concentrations were found at the beginning of the survey (Stations 
15503 and 15511). It is therefore difficult to establish a difference between the fertilized 
sites and non fertilized sites by looking at only the acid-leachable fraction. It is necessary 
to study the total concentrations of both metals, which is the purpose of the next section.  
 
2.3  Refractory and total trace metals concentrations in SPM (>53 µm) 
 
The residues after the first leach were totally digested by aqua regia followed by HF 
concentrated solutions (Chapter Two and Appendix II) allowing the determination of the 
most refractory fraction (Ref-Me) of the trace metals studied here. HAc-Me and Ref-Me 
have been added to give the total concentrations.  
 
In an analogous way than for the 1
st leach results, concentrations will be presented in 
nmol L
-1 (Table IV - 3) for the concentration in seawater and in mg g
-1 in the particles. 
 
Crozet – The Baie Américaine (BA) station had the highest concentrations of Al (25.8 
nmol L
-1) and Fe (13.2 nmol L
-1). Concentrations in BA are 10 to 100 times greater than 
any northern or southern sites. The particles collected at this station have also the greatest 
concentrations of Al (25.8 mg g
-1) and Fe (27.7 mg g
-1). This is in line with the results of 
the 1
st leach and confirms that the island is an iron source. Station 15776 presented 
enhanced values at 75m, in comparison with the concentrations observed near the bottom. Chapter IV – Distribution of iron and aluminium in large particles 
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At 340m depth, Fe concentrations fell back to 0.81 nmol L
-1, which is about the average 
value of the Fe concentrations in the north (0.83 nmol L
-1).  
 
Northern sites – The concentrations are highly variable throughout the period of the 
survey. For example, at station M3, total Al concentrations varied from 3.28 nmol L
-1 
(15494#2) down to 0.47 nmol L
-1 (15517#2) whilst total iron varied from 1.74 nmol L
-1 
down to 0.25 nmol L
-1 at the same stations. Another interesting feature is the difference 
between M8E and M8W stations: the main differences are noted in Fe (1.41 nmol L
-1 at 
M8W versus 0.81 nmol L
-1 at M8E). On average, concentrations of both trace metals in 
seawater are greater in the north than in the south, by at least a factor 3. 
 
Southern sites – Although the southern sites are highly variable too in terms of 
concentrations, the trace metal content in seawater and in particles is much lower on 
average. For example, the lowest concentrations of Fe (0.15 nmol L
-1) are found in station 
M6 (15511#1) and M2 (15503#2) at the beginning of the survey.  
 
In general, differences between the northern and southern sites are clearly visible in 
refractory and total concentrations of Al and Fe. The southern sites appear to be less 
concentrated in Al than the northern sites (6 times less) confirming that these sites are not 
under a lithogenic island influence. 
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Station # 
SPM  
μg L
-1 
POC  
μmol L
-1  
Ref-Al  
nmol L
-1 
Total Al  
nmol L
-1 
Total Al 
mg g
-1 
Ref-Fe 
 nmol L
-1 
Total Fe 
 nmol L
-1 
Total Fe 
 mg g
-1 
15494#2  M3  89.9  0.86 3.23 3.28 0.98  1.74 1.74 1.08 
15499#2  M3  12.8  0.19 2.47 2.56 5.40  1.37 1.38 6.02 
15503#2  M2  30.3  0.30 0.20 0.21 0.19  0.15 0.15 0.28 
15511#1  M6  33.5  0.26 0.27 0.29 0.23  0.29 0.29 0.48 
15517#2  M3  21.7  0.33 0.46 0.47 0.58  0.25 0.25 0.64 
15524#1  M7  45.9  0.45 0.68 0.68 0.40  0.38 0.38 0.46 
15533#1  M8E  34.4  0.34 1.61 1.66 1.30  0.80 0.81 1.32 
15539#2  M8W  90.3  0.89 0.67 0.69 0.21  1.41 1.41 0.87 
15543#2  M9  48.3  0.96 1.17 1.20 0.67  0.46 0.46 0.53 
15554    M9  7.66  0.64  0.21  0.24  0.85  0.20 0.20 1.46 
1556 3/0 M10  12.0  0.28  0.45  0.46  1.03  0.28  0.28  1.30 
15573#2  M3  8.23  0.17 0.33 0.34 1.11 0.40  0.41  2.78 
15580     M5  15.8  0.41  0.58  0.59  1.01  0.38  0.376  1.33 
15591     M3  17.6  0.23  1.93  1.93  2.96  1.50  1.50  4.76 
15595     M6  67.8  0.55  0.19  0.23  0.09  0.22  0.23  0.19 
15604     M2  51.0  0.47  0.28  0.28  0.15  0.27  0.28  0.31 
15620     M3  8.43  0.16  0.47  0.48  1.54  0.38  0.38  2.52 
15628     M3  10.9  0.26  0.84  0.85  2.10  0.66  0.66  3.38 
15773#3  M5  43.4  0.40 1.10 1.12 0.70 2.68  2.68  3.45 
15773#41  M5  25.1  0.53 1.08 1.13 1.21 0.42  0.42  0.93 
15775#29  M6  16.5  0.16 0.11 0.12 0.20 0.16  0.16  0.54 
15776#1 Cro 75m  8.92  0.04 2.51 2.64 7.99 1.25  1.27  7.95 
15776#2 Cro 340m  15.7  0.33 1.49 1.53 2.63 0.80  0.80  2.85 
15777#1  BA  26.6  0.34 25.5 25.8 26.2 13.2  13.2  27.7 
Average  North  32.0  0.38 1.2 1.22  1.60  0.83  0.86  2.29 
Average  South  39.8  0.35 0.21 0.23 0.17 0.22  0.22  0.36 
Baie  Américaine  26.6  0.34 25.5 25.8 26.2 13.2  13.2  27.7 
Table IV - 3: Detailed table of the concentrations of Ref-Me and total Me at all sites with SPM and POC concentrations.  Chapter IV – Distribution of iron and aluminium in large particles 
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It is also possible at this stage to establish some relationship between SPM or POC 
concentrations with total trace metal concentrations in the two main regions studied. This 
is illustrated on Figure IV - 5. 
 
Figure IV - 5: Total Al and Fe versus POC (diamonds) and SPM (circles) concentrations.  
Data points for southern sites have a red colour.  
 
The difference between the northern sites and the southern sites appears clearly, in terms 
of concentrations, however, no correlation can be established between the concentrations 
of Al with POC or Fe with POC. Chapter IV – Distribution of iron and aluminium in large particles 
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Similar average values for POC concentrations are found across the 3 regions studied, 
ranging from 0.34 to 0.38 whereas BA has much greater concentrations of Al and Fe. 
These low POC concentrations support the observation noticed and developed in Chapter 
Three, where a small phytoplankton community was observed at close proximity of the 
islands, despite a high concentration of DFe. This could be explained by the turbid waters 
due to suspended sedimentary material which could diminish the light availability in this 
area. Another explanation is that tidal and mean flows across the shallow topography may 
lead to enhanced mixing at the base of the mixed layer, resulting in mixed layers deeper 
than 150m (Venables et al., 2007). 
 
 
The variability in acid leachable Fe and Al concentrations reveals the importance of 
biological processes during SPM formation. However, it appears clearly that there is a net 
difference between the northern and southern sites in terms of particle composition, the 
particles found in the north being enriched in Al and Fe. 
 
In the following sections, this data set will be first compared with published results. Then, 
SPM images will be also used to examine the biogenic component of particles before 
using the molar ratio of Fe to Al to determine the relative importance of lithogenic 
material in comparison with the average upper continental basalt ratio.  
 
2.4  Comparison with literature 
The paucity of other data in the literature makes the comparison of the concentrations of 
Al and Fe obtained in this study difficult to make to a great extent. Studies conducted in 
the Southern Ocean are scarce and were mainly focused on the small (>0.2-0.4 μm) 
particulate metal fraction (e.g. Coale et al., 2005). However, a recent study by Lam et al. 
(2006) reported some results of the large fraction (>53 μm) in the Southern Ocean. All 
these studies are reported in Table IV - 4, including data from studies conducted in the 
Pacific (Landing and Bruland, 1987), Sargasso Sea (Sherrell and Boyle, 1992), Gulf of 
Maine and Labrador sea (Weinstein and Moran, 2004), in the Atlantic Ocean (Bishop et 
al., 1977; Bishop et Fleisher, 1987) and off the coast of California (Fitzwater et al., 2003). Chapter IV – Distribution of iron and aluminium in large particles 
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Data reported prior to 1975 are not considered, due to the lack of trace metal clean 
sampling procedures and hence possible contamination.  
Overall, both trace elements considered in this study are within the range of published 
data in the Southern Ocean (e.g. Lam et al., 2006). The highest values of total Fe obtained 
near Crozet are similar to the ones reported by Grotti et al. (2001) in Antactic coastal 
waters. Then values in Al and Fe found at BA station are greater than the results 
published for the open Southern Ocean, confirming a local island source of trace metals. 
PAl concentrations are in the same range of the concentrations observed by Dehairs et al. 
(1992) within the Polar Front Zone which provides the most convincing evidence of 
terrestrial input within this zone. 
Location  Particle 
size µm 
Depth 
m 
SPM        
mg L-1 
Total Al 
 nmol L-1 
Total Fe 
nmol L-1 
HAc-Al 
nmol L-1 
HAc-Fe 
nmol L-1  Reference 
Southern Ocean: 
Pacific sector,         
47°S-61°S 
0.2  15      0.9      Tovar Sanchez et al., 2003 
Pacific: 120-160°W; 
 20°S 40°N  0.3 15-4900  0.007-0.39 0.89-260  0.1-61.5 0.01-4.91 0.01-10.8  Landing  and  Bruland,  1987 
California caostal 
waters  0.4  surface  0.24-4.31  1.0-2323  0.2-359  0.1-24  0.02-23.1  Fitzwater et al., 2003 
Antarctic coastal 
water Ross Sea  0.4  2-380  0.15-4.31    1.1-58.5      Grotti et al., 2001 
Polar front zone:       
42-55°S 141.5-143°E  0.4  20-200    1.2-100        Cardinal et al., 2001 
Polar Front zone: 
59-68°S - 170°W  0.4  0.-500    0.05-0.47  0.02-0.24  0.01-0.17  0.006-0.13  Coale et  al., 2005 
Southern Ocean: 
46.24°S-178°E  20  25    1.10-2.40  0.20-0.33      Frew et al., 2006 
Sargasso sea  1.0-53  0-100    1.2-6.7  0.32      Sherrell and Boyle, 1992 
Labrador Sea  53  0-250    0.1-1.5  0.1-1.2      Weinstein and Moran, 2004 
Gulf of Maine  53  0-300  0.05-0.6  0.1-50  0.1-32      Weinstein and Moran, 2004 
Equatorial Atlantic 
Ocean         1.9-3.8      Bishop and Fleisher, 1987; 
Bishop et al., 1977; 
California coast: 
36.36°N 122°W  53  0-80    60-850        Cullen and Sherrell, 1999 
Subartic Pacific  53  12-900      0.005-2.476      Lam et al., 2006 
Southern Ocean: 
55°S  172°W  53        0.08-4      Lam et al., 2006 
Southern Ocean: 
Crozet Islands  53 30-340  0.008-0.090  0.11-25.5  0.15-13.2  0.0002-0.03  0.0008-0.022  This study  
Table IV - 4: Metal concentrations in suspended particulate matter from surface and shelf waters in diverse 
regions of the world ocean. Note that sampling depth and filter pore size may vary between studies. 
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3  Scanning Electron Microscopy (SEM) on selected samples 
 
Three samples were selected for SEM imaging. Stations M3 (15517#2), M6 (15595) and 
Baie Américaine (15777) were chosen in order to investigate differences in particle 
composition between different zones around Crozet. The images are given in Figure IV - 
6. 
 
 Different factors have an influence the composition of the phytoplankton community. For 
example, light, iron and silicate availability control the growth rates (e.g. Moore et al., 
2007a) whilst the grazing pressure controls the mortality of the community (Smetacek et 
al., 2004). Depending on these factors, the phytoplankton species will adopt different 
strategies. For example, small cells tend develop under iron stress conditions but this has 
the consequence to put them under a higher grazing pressure. As a defense mechanism, 
they will tend to form long compact chains (Timmermans et al., 2004). By comparison, 
during iron replete conditions, picophytoplankton will shift towards nano and 
microplankton assemblages, leading potentially to export (Hoffmann et al., 2006). 
 
The first plate (I) illustrates the particles at station M6 (15595). Small centric diatoms 
were observed, as well as another diatom, Eucampia Antarctica. M6 station had low 
dissolved iron concentrations (Chapter Three) that are probably limiting primary 
production as this station has been identified as a true HNLC site. This could explain the 
presence of small diatoms frustules that are typical of Fe stressed conditions (e.g. 
Timmermans et al., 2001). 
 
The second plate corresponds to M3 (15517). The number of frustules is greater than the 
previous one, corresponding to a high export measured (See section 5 of this chapter). 
Various species can be found, such as the highly silicified Eucampia Antarctica (bottom 
left corner of Figure IV - 6, II-c),  centric diatoms and Chaetoceros Rostratus (Figure IV - 
6, II-b), this assemblage of phytoplankton being consistent with a recent iron supply as 
observed by Lam et al. (2006). 
 
 Chapter IV – Distribution of iron and aluminium in large particles 
  79 
 
Figure IV - 6: SEM images of three selected samples: I- Station M6 (15595); II – Station M3 (15517) and III Baie Américaine (15777). 
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Finally, the last plate of images (Figure IV - 6, III) was obtained from a sample (30m 
depth) taken in Baie Américaine. The assemblage was composed of various species, 
including very large diatoms (>50µm), chains of pennate diatoms (Fragiloriapsis 
Kerguelensis), typical of an iron rich environment. The most interesting feature is one 
mineral particle found on the filter, (Figure IV - 6, III-e), that appeared to be composed 
mainly of Fe following its chemical identification by Extended X-Ray Absorption Fine 
Structure (EXAFS), which explains the high concentration of particulate iron found at this 
station. The presence of such a particle is not surprising given the volcanic nature of the 
Crozet Islands. Such particles, referred as “hot spots”, were observed as well in the 
Southern Ocean by Lam et al. (2006). 
 
4  Correlation between Al and Fe  
 
At this stage, it is useful to consider the particulate trace metal partitioning, by studying 
the Fe/Al molar ratios. These ratios may indicate the relative importance of lithogenic 
material in a sample in comparison to the average basalt crust ratio of the Crozet Islands. 
Generally high ratios in suspended particles are expected because of the scavenging of 
dissolved trace elements on the outer surface of the frustules (Van Cappellen and Qiu, 
1997a, 1997b). Using Fe and Al total concentrations, Fe/Al molar ratios were calculated 
and are reported for the northern and southern regions as well as in Baie Américaine in 
Table IV – 5.  
 
Overall, the total particulate Fe/Al ratios were variable throughout the sampling period.  
On average, the southern sites have a higher ratio than the northern sites. At Baie 
Américaine stations the Fe/Al ratios approached the average lower estimate of the basalt 
crust ratio of 0.51 (Gunn et al., 1970; Marsh et al., 2007). Fe/Al ratios were lower in the 
Southern sites than in the Northern sites, supporting once again that the northern sites are 
under the influence of the islands. The high Fe/Al molar ratios in this area, up to 2.10 (Stn 
15539#2, M8W) can be explained by a high diatom production transferring particulate 
matter out of the mixed layer which is reflected here by the POC concentration (0.89 
µmol L
-1).  
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Also, the dissolution of lithogenic material out of the islands to North can stimulate the 
production of phytoplankton, which can then causes the removal of lithogenically derived 
iron from the mixed layer. 
 
The basalt abundance molar ratio of 0.51 was used in a similar approach developed by 
Frew et al. (2006) for the calculation of the lithogenic component by assuming that all 
particulate aluminium derived from lithogenic material. The lithogenic component was 
calculated bymultiplying the total Aluminium concentrations by the basalt molar 
abundance ratio (Fe/Al) of 0.51. It is also possible to calculate the biogenic fraction, 
defined as the difference between the total concentration and the lithogenic fraction. It is 
also possible to calculate the biogenic fraction, defined as the difference between the total 
concentration and the lithogenic fraction. These results are reported in Table IV - 5. 
 
These data indicate that a significant fraction of iron is of lithogenic origin, reaching up to 
96% in the north (Station 15517#2 M3). The samples taken in the vicinity of Baie 
Américaine had a even greater percentage of lithogenic iron too. Interestingly, at M8W, 
the origin of iron seems mainly to be biogenic (75%, Table IV-5), suggesting that the 
bloom observed there was probably due to active recycling at this site. On average, the 
lithogenic particulate iron pool represents 68% of the total particulate iron pool which is 
in agreement with Frew et al. (2006), the lithogenic fraction being reported by Strzepek et 
al. (2005) as mainly lithogenic above 20 µm. 
 
The biogenic fraction calculated by using the Fe/Al average basalt ratio is one order of 
magnitude greater than the HAc-Fe concentrations determined independently after the 1
st 
leach. This result suggests that a significant fraction of the particles were available to the 
phytoplankton and that the HAc-Fe content may not reflect the sum of all potentially 
bioavailable iron. 
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Fe/Al 
Station #  Total Al 
nmol L
-1 
Total Fe 
nmol L
-1  molar 
ratio 
Lithogenic 
Fe 
nmol L
-1 
Biogenic 
Fe 
nmol L
-1 
% 
Lithogenic 
Fe 
Enrichement 
factor 
15494#2 M3  3.28  1.74  0.53  1.67  0.07  96  1.04 
15499#2 M3  2.56  1.38  0.54  1.31  0.07  95  1.06 
15503#2 M2  0.21  0.15  0.71  0.11  0.04  71  1.40 
15511#1 M6  0.29  0.29  1.00  0.15  0.14  51  1.96 
15517#2 M3  0.47  0.25  0.53  0.24  0.01  96  1.04 
15524#1 M7  0.68  0.38  0.56  0.35  0.03  91  1.10 
15533#1 M8E  1.66  0.81  0.49  0.85  -0.04  105  0.96 
15539#2 M8W  0.69  1.41  2.04  0.35  1.06  25  4.01 
1556 3/0 M10  0.46  0.28  0.61  0.23  0.05  84  1.19 
15573#2 M3  0.34  0.41  1.21  0.17  0.24  42  2.36 
15580     M5  0.59  0.376  0.64  0.30  0.08  80  1.25 
15591     M3  1.93  1.5  0.78  0.98  0.52  66  1.52 
15595     M6  0.23  0.23  1.00  0.12  0.11  51  1.96 
15604     M2  0.28  0.28  1.00  0.14  0.14  51  1.96 
15620     M3  0.48  0.38  0.79  0.24  0.14  64  1.55 
15628     M3  0.85  0.66  0.78  0.43  0.23  66  1.52 
15773#3 M5  1.12  2.68  2.39  0.57  2.11  21  4.69 
15775#29 M6  0.12  0.16  1.33  0.06  0.10  38  2.61 
15776#1 Cro 
75m  2.64 1.27  0.48 1.35  -0.08  106  0.94 
15776#2 Cro 
340m  1.53 0.8  0.52  0.78  0.02  98  1.03 
15777#1 BA  25.8  13.2  0.51  13.20  0.00  100  1.00 
Average 
North  1.22 0.84  0.81 0.62  0.22  74  1.58 
Average 
South  0.23 0.22  1.01 0.12  0.1  53  1.98 
Baie 
Américaine  25.8 13.2  0.51 13.2  0.04  100  1 
 
Table IV - 5: Total aluminium and iron concentrations and derived lithogenic and biogenic iron 
concentrations derived from the crustal ratio of Fe/Al as well as enrichment factors. 
 
It is also possible to calculate the enrichment factor (Jickells et al., 1992), defined as: 
EFMe = [Me/Al]sample/[Me/Al]basalt ratio 
The results of the averaged enrichment factors in the Northern sites and Southern sites, as 
well as at the Baie Américaine station are presented in Table IV – 5.  
 
Baie Américaine concentrations are close to the basalt ratio as the enrichment factor 
equals to 1. Chapter Four- Distribution of iron and aluminium in large suspended particles 
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High Fe/Al ratio observed in particular in the south might indicate an external episodic 
input of particulate iron such as an atmospheric input (e.g. event CRO R 6 on the 
24/11/2004 of 50 nmol L
-1 of Fe, see Appendix Three).  
 
Finally the major differences from both sites reside in the fact that the north is far more 
enriched in Fe than the south, as shown in Figure IV - 7: 
Figure IV - 7: Fe versus Al concentrations at both sites. 
The basalt ratio is symbolized by the light black dashed line.  
 
This figure infers that Fe is probably associated with aluminum inputs and supports the 
view that excess Fe (from the island system) has been delivered into this area, as thought 
previously when high concentrations of these metals were noticed in the particles.  
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5  Conclusions 
 
A two step leaching technique was used in this work to assess the distribution of “labile” 
trace metals Al and Fe around the Crozet Islands in order to test the hypothesis of 
enhanced POC concentrations induced by enhanced bioactive Fe. 
 
The content of SPM as well as the POC concentrations was highly variable during the 
survey, revealing the high complexity of processes occurring in this region. 
Hydrodynamics can allow the intrusion of HNLC water masses in the north, whilst 
variable atmospheric inputs can influence the distribution of Fe in the south. However, it 
is possible to distinguish some major trends. 
 
Acid leachable fraction ranges from 0.02% to nearly 1% for Fe, typical of the large 
particles in the ocean (Wells et al., 1991). The largest concentration of total aluminium 
and iron were found at close proximity of the islands, reaching levels up to 150 times 
higher than the other sites, thus supporting the hypothesis of an island source. In the 
fertilized sites, the relationship etween Fe, Al and POC concentrations is clearly visible.  
 
 Fe/Al molar ratios gave the evidence that the northern sites are more enriched in these 
trace elements than the southern sites. Moreover the Fe/Al ratio calculated at Baie 
Américaine is similar to the basalt crustal ratio of the Crozet Islands, which confirms the 
hypothesis of the island source.   
 
The next step is to calculate the vertical fluxes of these elements, by linking Fe with POC 
export using 
234Th derived export data. It will be then possible to establish an iron budget 
with the dissolved data presented in Chapter Three and the particulate data. This is the 
objective of the next chapter. 
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CHAPTER V: 
 
BUILDING AN IRON BUDGET 
 
 
 
In the two previous chapters, the concentrations of dissolved (<0.2µm) and particulate 
(>53µm) iron have been investigated. It is possible to link these two different pools in 
combination with atmospheric inputs in order to establish a budget of the sources and 
sinks of iron for waters surrounding the Crozet Islands. Firstly, using radium isotopes and 
dissolved iron data, lateral and vertical mixing inputs to the photic zone will be presented. 
Then, atmospheric inputs deduced from calcium and silicon concentrations as well as the 
downward flux of particulate iron in large particles will be calculated using 
234Th based C 
flux data and C/Fe molar ratios. Finally, all these fluxes will be considered in order to 
identify the main mechanisms that deliver iron to the waters surrounding the Crozet 
Islands. 
 
1  Using radium mixing estimates in combination with dissolved iron 
data to estimate vertical and lateral advective inputs 
 
In terms of lateral dispersion and vertical mixing, the use of natural radio-tracers presents 
a powerful tool to track a possible iron island input and its dispersion and mixing with 
adjacent waters. Short-lived radium isotopes have been used for this purposeChapter Five – Building an iron budget 
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  in collaboration with Matt Charette (WHOI) (Charette et al., 2007). Some essential 
information on the use of radium isotopes will be first introduced before presenting the 
calculations leading to the quantification of lateral and vertical inputs. 
 
1.1  Background 
 
The use of ratios of naturally occurring radium isotopes (respective half-life times: 
226Ra–
t1/2  = 1600 years, 
228Ra–t1/2  = 5.75 years, 
224Ra–t1/2  = 3.66 days, and 
223Ra–t1/2  = 11.4 
days) and their concentration gradients can provide estimates of the rates of their 
dispersion as they mix away from their source (Moore et al., 1980; Key et al., 1985; 
Moore et al., 1995). The Ra isotopes are produced by decay of particle bound thorium 
isotopes in sediments. Therefore, radium isotopes are continually added at ocean 
boundaries from sediments by both advective and diffusive processes, their source being 
located along the coastline and at any sediment water interface (Charette et al., 2007). 
Moereover, the only processes affecting their distribution are mixing and decay. Thus, 
radium isotopes, with their shelf-water source and wide-ranging half-lives, are ideally 
suited for evaluating the inputs of iron from islands into surface waters. In particular, the 
two short lived radium isotopes, 
223Ra and 
224Ra, are well suited for horizontal mixing 
studies, as their half-lives are short enough relative to seasonal changes in their input 
functions to satisfy the constant boundary condition assumption. This means that the 
variation of their activity over time depends only on the distance, as their inputs at the 
coastline are in steady-state (Moore, 2000). Variations of activity of these two short-lived 
isotopes follow this equation: 
Ax = A0 exp  ⎥
⎦
⎤
⎢
⎣
⎡
−
Kh
x
λ
       (1) 
, where Ax is the activity at a distance x from the shore, A0 is the activity at distance 0 
from the coast, λ is the decay constant and Kh is the horizontal eddy diffusion coefficient. 
 
228Ra is also used for the study of the less rapid vertical mixing processes across the 
thermocline because the only processes controlling its distribution are vertical mixing and 
decay (Charette et al., 2007). 
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In this work, vertical 
228Ra and dissolved iron profiles at station M3 (Station 15622) about 
55 km to the north of the islands and a surface water iron and 
223Ra and 
224Ra transect 
from Île de la Possession (referred as the “Baie Américaine” transect) towards the M3 
station have been used to respectively estimate vertical and horizontal mixing rates.  
 
1.2  Vertical transport of DFe to surface water  
 
Details of radium sampling and analysis are not presented here as this work was 
performed by others. A full description can be found in Charette et al. (2007). 
 
A simple one dimensional diffusive model of the vertical profile of 
228Ra at M3 (Station 
15622) along with an average dissolved Fe gradient across the same depth interval was 
used to determine two mixing scenarios: a slow mixing regime between 1000m and 300m 
depth (Kz = 1.5 cm
2 s
-1) and a fast mixing regime between 5m and 300m depth (Kz = 11 
cm
2 s
-1) using the following equation (for details, see Charette et al., 2007): 
Az = A0 exp  ⎥
⎦
⎤
⎢
⎣
⎡
−
Kz
z
λ
      (2) 
 
,where Az is the activity at a depth z from the surface, A0 is the activity at the surface, λ is 
the decay constant and Kz is the vertical eddy diffusion coefficient. 
 
Dissolved iron data together with 
228Ra data are shown on Figure V - 1. The maximum 
contribution of entrainment of deep-water iron during turbulent vertical mixing is then 
obtained using the upper estimate of the mixing rate coefficient Kz (11 cm
2 s
-1) over the 
top three hundred meters. 
 
The corresponding DFe gradient between these depths was calculated using 0.15 nmol L
-1 
at surface depth and 0.34 nmol L
-1 at 300m depth, leading to a gradient of 0.00064 nmol 
L-1 m
-1 or 0.64 nmol m
-3 m
-1.   
 Chapter Five – Building an iron budget 
  88
 
Figure V - 1: Model estimates of Kz  fitted to the
 228Ra (black circles) and total dissolved iron (blue 
triangles) profiles at station M3 (adapted from Charette et al., 2007).  
 
Combining the maximum value of the vertical diffusion coefficient Kz with this dissolved 
iron gradient (Equation 3) leads to a vertical input of dissolved iron DFev of: 
 
DFevmax = DFegrad . Kz            (3) 
 
, where DFegrad is the vertical dissolved iron gradient (0.64 nmol m
-3 m
-1), Kz is the 
vertical diffusion coefficient (0.11 m
2 s
-1). 
 
DFevmax = 0.64 . 0.11.10
-4 . 3600 . 24= 61 nmol m
-2 d
-1 
 
This estimate is the maximum vertical mixing rate of dissolved iron. Using the smaller 
estimate of the mixing rate coefficient, this flux equals to: 
 
DFevmin = 0.64 . 0.15.10
-5 . 3600 . 24 = 8 nmol m
-2 d
-1 
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Blain et al (2007, in press) reported a Kz of 3.3 cm
2 s
-1 over the Kerguelen Plateau, 
leading to a vertical input of 31 nmol m
-2 d
-1. Few other studies give an estimation of the 
vertical mixing in the Southern Ocean, and they all calculated a smaller DFe vertical 
supply. For example, during FeCycle, Boyd et al. (2005) estimated the vertical flux to be 
3 nmol m
-2 d
-1 and during SOIREE, the maximum vertical supply was calculated to be 8.3 
nmol m
-2 d
-1. The vertical input estimated in this study is higher than all values reported in 
the literature, suggesting that the vertical iron flux from deep waters around the Crozet 
plateau could contribute to the natural fertilization in the surface waters.  
 
1.3  Horizontal advective transport of iron 
 
Charette et al. (2007) used the short lived Radium isotopes 
223Ra and 
224Ra on the transect 
from Baie Américaine (Stations 567, 568 and 569) to provide an upper estimate of the 
horizontal flux of dissolved iron DFeh. Details of Ra sampling and analysis can be found 
in Charette et al. (2007). 
 
 
Figure V - 2: Off-island 
224Ra transect with ln transformed 
224Ra with slope used to estimate Kh (top) and 
off-island corresponding DFe transect in the upper 50m (Adapted from Charette et al., 2007). Chapter Five – Building an iron budget 
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The 
224Ra gradient was used to provide the upper estimate of the horizontal mixing 
coefficient Kh of 39 m
2 s
-1 (Equation 1), and the gradient of DFe in surface (upper 50m) 
presented in Chapter Three was equal to 0.07 nmol L
-1 km
-1. Both of these gradients are 
shown in Figure V-2. 
 
Using 
223Ra, the lower estimate of horizontal diffusion coefficient Kh was equal to 6.6 m
-2 
s
-1.  
 
Combining the maximum and minimum estimates of the horizontal diffusion coefficient 
Kh with the dissolved iron gradient (Equation 4 below), leads to a maximum and 
minimum horizontal flux of dissolved iron Fehmax and Fehmin of: 
 
 DFehmax = DFegrad . Kh             (4) 
 
, where DFegrad is the vertical dissolved iron gradient (0.07 nmol L
-1 km
-1), Kh is the 
horizontal diffusion coefficient (39 m
2 s
-1). 
 
Fehmax = 0.07 . 39* . 3600 . 24 = 236 µmol m
-2 d
-1 
Fehmin = 0.07 . 6.6 . 3600 . 24 = 40 µmol m
-2 d
-1 
 
It is now possible to estimate the cumulative effect of this horizontal flux over the 
fertilized area, if several parameters are assumed.  
 
Firstly, Giret et al. (2002) reported a homogeneous mantle geochemical composition in 
this zone so it seems reasonable to assume that the two main islands are geochemically 
representative of the Archipelago and that the offshore gradient will be representative of 
the islands and shelf system as a whole.  
 
Secondly, the shoreline length is estimated to be 600 km and the bloom area 90 000 km
2 
(R. Pollard, pers. comm., Charette et al., 2007). Finally, during winter, mixed layer depth 
can reach 250m and this horizontal flux can be integrated down to this value, and it is 
assumed the island released Fe is uniformly mixed into these waters (Figure V-3).  
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Figure V - 3: Schematic of cumulative effect of the horizontal flux of dissolved iron  
 
 
The maximum and minimum resulting cumulative effects of this horizontal flux of 
dissolved iron DFehmax and DFehmin are calculated following the equation below: 
DFeh = 
A
Mld C Feh . .
   (5) 
WhereFeh is the horiztonal flux of dissolved iron, C is the circumference of the Plateau, 
Mld is the winter mixed layer depth, and A is the bloom area. This leads to: 
 
DFehmax = (236 . 600 10
3 . 250)/ (90 000 10
6) = 390 nmol m
-2 d
-1 
DFehmin = (40 . 600 10
3 . 250)/ (90 000 10
6) = 66 nmol m
-2 d
-1 
 
An important point is that the horizontal gradient of DFe is calculated in the upper 50m 
near the shore therefore does not include the deeper waters or the plateau itself. This DFe 
gradient could be enhanced further if the whole width of the continental shelf is 
considered (Luther and Wu, 1997).  
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2  Atmospheric inputs 
 
Wet and dry deposition fluxes (F) were considered as one of the possible inputs over the 
Crozet area.  
 
Air parcel back trajectories (Draxler and Rolph, 2003) for all rain and aerosol sampling 
periods show that air masses had no contact with any land masses apart from Antarctica 
for at least the 5 days prior to collection, and hence truly remote Southern Ocean air was 
sampled. 
 
Atmospheric sampling was conducted on the deck above the bridge, the highest point of 
the ship well forward of ship emission sources. Samples were only collected when wind 
and ship movements guaranteed no contamination from the ship itself, but the filters were 
not cleaned for trace metal analysis. Therefore, iron concentrations in dust were derived 
from atmospheric concentrations of calcium and silicon by Alex Baker and Tim Jickells 
(UEA) (Planquette et al., 2007). 
 
Rainwater samples (Table 3, Appendix III) were collected for trace metal analysis as 
described in Spokes et al. (2001). Full details are given in Appendix III (Sections 2.4 and 
3.2)  
 
Dry deposition fluxes were calculated by making the assumption that nitrate, excess Ca 
and silicate are associated with coarse mode aerosol and ammonium with fine mode and 
using deposition velocities of 2 cm s
-1 and 0.1 cm s
-1 respectively for the two modes 
(Baker et al., 2003).  
 
These two approaches, using calcium and silicon, gave broadly similar results (0.16 and 
0.32 g dust m
-2 yr
-1 respectively). A dust flux of 0.2 g m
-2 yr
-1, which is the average of the 
two estimates rounded to one decimal place was therefore used. This dust flux 
corresponds to a dry deposition flux of Fe of 127 µmol m
-2 yr
-1 assuming dust to be 
composed of 3.5 % Fe (see Section 4.2 of Appendix III for uncertainties). 
 
Wet deposition is a more complicated exercise as it is difficult to estimate a precipitation 
rate in this oceanic region. No data appears to be available for Crozet. Taljaard and Loom Chapter Five – Building an iron budget 
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(1984) quote precipitation estimates for the two nearest islands (Marion and Kerguelen) 
as 2499 and 1117 mm yr
-1 respectively so these were averaged and lead to a precipitation 
rate of 1808 mm yr
-1, which can be used for the determination of the wet deposition of Fe 
(Fw) flux defined as: 
Fw = C P   (6) 
 where C is the volume weighted mean concentration of Fe in the rain samples (excluding 
CRO-R9, which was contaminated) and P is the precipitation rate for the region. The 
concentration of Fe within the samples ranged from 6 to 288 nmol L
-1 (Table II, 
Appendix Three) 
 
 C was calculated from the Fe concentration (Ci) and volume (Vi) of each sample (Table 
II, Appendix Three) using: 
C = Σ CiVi/ Σ Vi     (7) 
This translates to a wet deposition rate for total Fe of 198 µmol m
-2 yr
-1. 
 
Combining both wet and dry deposition, the total Fe deposition is 325 µmol m
-2 yr
-1 with 
61 % of this occurring as wet deposition. This corresponds to a daily flux of 89 nmol m
-2 
d
-1. Southern Ocean dust and iron flux estimates from field campaigns are very limited 
but the fluxes here are substantially lower than those of Gaiero et al. (2003) from 
Patagonia and comparable to those seen in the very high rainfall regions of coastal South 
Island New Zealand (Halstead et al., 2000). Average rainwater iron concentrations from 
Halstead et al. (2000) and Croot et al. (2005) are similar to those reported here, but recent 
model estimates from Fan et al. (2006) are lower (~100 µmol m
-2 yr
-1)  by a factor of 3, 
highlighting the complexity of solubility ranges. 
 
3  Estimation of DFe before the main bloom event 
 
To constrain the potential of an island Fe source initiating the austral spring bloom, it is 
possible to estimate the DFe concentration that would have built up over the Austral 
winter.  
 
This region under the island effect can be subjected to the three types of inputs that have 
been considered in this section: atmospheric, vertical and horizontal fluxes. During a Chapter Five – Building an iron budget 
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winter period of 100 days, these inputs can accumulate within the mixed layer depth 
down to 250m. However, when the stratification occurs at the beginning of austral spring, 
the depth of the mixed layer reduces down to ~100m. Therefore, the addition of these 
three fluxes multiplied by a winter period of 100 days, and over a pre-bloom mixed layer 
depth of 100 m, leads to a final concentration of DFeendwinter prior to the bloom of 0.54 
nmol L
-1: 
DFeendwinter = ((Fatm + DFev + DFehmax) x day / depth = 0.54 nmol L
-1   (8) 
 
where Fatm is the atmospheric input, DFev and DFeh are the vertical and horizontal inputs 
of total dissolved iron. Over the winter period when productivity is light limited, the 
concentration of Fe is therefore estimated to build up by ~0.54 nmol L
-1 in waters to the 
north of the islands. As light levels increase gradually over the spring and summer, the 
bloom can be initiated and progress with this ambient DFe.  
 
Interestingly, Lucas et al. (2007) have estimated a dissolved iron demand required to 
support the measured satellite derived seasonal estimates of new production rates. To do 
so, they have used upper in particular mid (0.06 mmol mol
-1) and lower (0.03 mmol mol
-
1) estimates of intracellular DFe:N quotas required to support growth, recognising the 
variability in this quota as a function of differing taxa, Fe and light availability (Sunda 
and Huntsman, 1997; Twining et al., 2004). The seasonal DFe deman using DFe:N cell 
quota of 0.06 mmol mol
-1  ranged
  between 0.25 and 0.75 nmol L
-1, with an overall 
minimum DFe demand in the south of 0.19 nmol L
-1 at the lower quota. 
 
This estimate of 0.54 nmol L
-1 is therefore lower than, but of the same magnitude as, the  
demand derived independently by Lucas et al. (2007). Overall this calculation supports 
the view that DFe fluxes can support phytoplankton new production in the northern 
bloom region, but only by invoking DFe:N cell quotas of <0.06 mmol mol
-1 (Lucas et al., 
2007), which probably reflects the relative availability of ambient DFe and N.  
 
The present estimates of the possible inputs investigated with the data available show that 
horizontal advection from the island system is the largest process adding dissolved Fe to 
the waters surrounding Crozet (Figure V-4), followed by the atmospheric and then the 
vertical mixing.  Chapter Five – Building an iron budget 
  95
 
Figure V - 4 Main pathways of DFe in nmol m
-2 d
-1 into the bloom area around the Crozet Islands 
combining the main circulation paths (green lines), topography and a SeaWIFS chlorophyll a image for the 
austral summer 2004–2005. 
The average of the fluxes are italicized, and the ranges are in brackets. 
 
 
However, iron can be liberated from colloids (i.e. 0.2-0.8 µm) or adsorbed onto 
intermediate particles (0.4 μm - 10 μm). Unfortunately, it was not possible to sample 
these size ranges and the quantification of this pool remains unknown. It is also possible 
that colloidal iron may be released from sediments and added to iron advected to the 
bloom area. These additional sources could increase the iron budget at the end of the 
winter and will require further investigations. Nonetheless, this is the first estimate of Fe 
supply to the north of the Crozet islands, and it therefore provides a rationalization and an 
indication of the relative importance of different sources of Fe in these Sub-Antarctic 
island systems. Present significant uncertainties include the recycling and removal of Fe 
and the significance and availability of particulate Fe to the primary producers. Chapter Five – Building an iron budget 
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4  Estimation of the vertical fluxes of particulate Fe using 
234Th 
based C fluxes 
4.1  Background 
 
The radioactive particle tracer 
234Th (Bhat et al. 1969) can be used to estimate the amount 
of photosynthetically fixed CO2 exported to the deep ocean as POC (Buesseler et al. 
1992).
 234Th is the daughter isotope of naturally occurring 
238U, which is conservative in 
seawater and proportional to salinity (Chen et al. 1986). 
 
Unlike 
238U, 
234Th tends to adhere to particles in the water column. As particles sink 
through the water column, scavenging Th as they go, a radioactive disequilibrium is 
formed between 
238U and
 234Th which can be used to quantify the rate of carbon export 
from the surface ocean when combined with data on the ratio of POC to particulate 
234Th 
activity. Morris et al. (2007) used the 
234Th flux and C:Th ratio to derive the POC flux 
using the relationship below: 
 
POC flux = (POC:Th) * P    (9) 
 
where POC flux is the quantity of POC (μmol m
-2 d
-1) falling out the surface ocean, 
(POC:Th) is the ratio of POC to 
234Th (μmol dpm
-1) on the large size class of particles 
(>50 μm), and P is the integrated 
234Th flux (dpm m
-2 d
-1) calculated with the following 
equation (Morris et al., 2007): 
P = ∫ −
z
dz At Au
0
) ( λ             (10) 
, where λ is the decay constant of 
234Th (d
-1), Au is the 
238U activity (dpm m
-3), At is the 
toal 
234Th activity (particulate and dissolved) and z is the depth. 
 
 It is then possible to calculate the vertical fluxes of particulate metals, like Fe or Al 
(PMev) using the relationship: 
 
PMev = P*(POC:Th)* (Me:POC)    (11) 
 
where (Me:POC) is the molar ratio of Me/POC. Chapter Five – Building an iron budget 
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During D285 and D286, Stand Alone Pump Systems (SAPS were deployed 
simultaneously for Th and for DFe measurements (see Chapter Two). POC measured on 
the mesh dedicated for Th analysis was assumed to be equal to POC measured on the 
mesh collecting particles for trace metal analysis. POC concentrations were investigated 
in samples dedicated for the iron analysis and a comparison has been made (Figure V - 5). 
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Figure V - 5: POC concentrations in µg L
-1 obtained
 from the nylon meshes dedicated to Th and Fe analyses 
respectively. 
 
For nearly half of the stations, POC concentrations obtained on the trace metal mesh are 
greater than the concentrations obtained on the Thorium mesh. Theses differences can be 
explained by the different masses of samples used for the analysis of POC. P. Morris used 
a typical mass of 5 mg of suspended particulate matter for the determination of POC as 
opposed to 1 mg due to analytical constraints. Moreover, 4 replicates were run by P. 
Morris for additional precision against 2 for the metal work. Therefore, choice has been 
made to use P. Morris’s data for POC concentrations. 
 
Vertical fluxes of POC, PMev were therefore calculated using equations 10 and 11, C:Th 
ratios and 
234Th fluxes derived for each station calculated by P. Morris (Morris et al., 
2007). Results are reported in Table V - 1.  
 
There are no flux data for the D300 cruise as no 
234Th sampling was done. 
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4.2  Results 
 
POC export – Estimates of 
234Th derived POC export from the study region during D285 
(Stations 15494#2 until 15563) showed a clear north-south gradient (Figure V - 6) with 
values of ranging from 15 mmol C m
-2 d
-1 in the north during the period immediately 
following the phytoplankton bloom, and 5 mmol C m
-2 d
-1 in the south prior to the small 
southern plankton bloom (Chapter Three) that occurred in late January when the light 
levels permitted it. During D286 no gradient was seen, once the modest bloom had 
occurred in the south (Morris et al., 2007). POC export then ranged between 16 and 28 
mmol m
-2 d
-1 in the North and in the South.  
 
 
Total particulate Al and Fe  export  
 
 Values are reported in Table V - 1 for total values of the trace elements analyzed (see 
Chapter Four). The largest particulate iron export is found at station M3 (15491), reaching 
164 µmol m
-2 d
-1, which corresponds to a maximum of PAlv export of 212 µmol m
-2 d
-1. 
The lowest value was obtained at station M2 (2.43 µmol m
-2 d
-1). There is a clear 
difference between the north and the south regions in terms of total particulate aluminium 
and iron exports (Figure V - 5). On average PFev equals 42.9 µmol m
-2 d
-1 in the north and 
7.86 µmol m
-2 d
-1 in the south.   
 
Overall the downward fluxes are quite high (100 times) compared to the vertical fluxes 
obtained by Frew et al. (2006) in the subantarctic waters southeast of New Zealand. It is 
important to notice that the PFe fluxes calculated by Frew et al. (2006) were not derived 
from 
234Th data, but were obtained using sediment traps. Their POC export ranged from 
2.09 to 2.51 mmol m
-2 d
-1 which is at least 10 times lower than the POC exports measured 
around Crozet. This suggests that the PFe supply must have been more important in the 
Crozet area than in the region of open ocean subantarctic waters where Frew et al. (2006) 
conducted their sampling. 
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Station  
234Th flux  
dpm m
-2 d
-1 
C:Th  
µmol dpm
-1 
POC 
mmol m
-2 d
-1 
PFev 
µmol m
-2 d
-1 
PAlv  
µmol m
-2 d
-1 
15494#2  M3  1845  8.3 15.3 31.0 58.3 
15499#2  M3  813  6 4.88 35.5 65.8 
15503#2  M2  740  7.2 5.33 2.63 3.71 
15511#1  M6  573  10.1 5.79 6.43 6.37 
15517#2  M3  1965  7.1 13.9 10.7 20.1 
15524#1  M7  2352  6.1 14.3 12.2 21.8 
15533#1  M8E  1619  9.4 15.2 36.1 74.5 
15539#2  M8W  2232  6.1  13.6  21.6  10.5 
15563  M10  1933  7.2 13.9 13.8 22.8 
15573#2  M3  2744  10.4 28.5 67.3 56.7 
15591 M3  2550  9.9  25.2  164.6  212 
15595  M6  2449  8.2 20.1 8.29 8.47 
15604  M2  2734  8.8 24.1 14.1 14.6 
15620  M3  2147  7.1 15.2 36.2 46.2 
15628  M3  2235  7.5 16.8 42.7 54.5 
North  2039  7.74 16.1 42.9 58.5 
South  1624  8.58 13.8 7.86 8.28 
 
Table V - 1:
  234Th export (dpm m
-2 d
-1), C:Th (µmol dpm
-1) and POC export (nmol m
-2 d
-1) from Paul 
Morris and calculated PFev  and PAlv (µmol m
-2 d
-1) at each station during D285 and D286. 
 
 
To illustrate the difference between the northern and the southern sites, POC, PFev and 
PAlv are shown in Figure V - 6, where the distinction between D285 and D286 is made. 
These fluxes represent the total concentration of metals exported out of the mixed layer, 
as defined in Chapter Four. Chapter Five – Building an iron budget 
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Figure V - 6: Latitudinal variation 
234Th derived POC export, PFev and PAlv during D285 (top) and D286 
(bottom). The purple long dash dotted line represents the latitude of the Crozet Islands. 
 
In the next section, the labile fraction of the particulate export will be investigated in 
order to see if there is any relationship between the acetic acid leachable fraction exported 
and the carbon export. Also, these values, in particular for iron will be of use in the iron 
budget proposed later. 
 
Labile particulate Al and Fe export  
 
The labile concentrations calculated in Chapter Four may be considered to represent an 
estimate of the “bioactive” fraction (Landing and Bruland, 1987) of metals sinking out of 
the mixed layer. Therefore, they can be regarded as a sink of dissolved iron. The results 
are reported in Table V-2. 
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The highest export of labile iron occurred at Station M3 (15628) during the secondary 
bloom in January 2005, reaching up 336 nmol m
-2 d
-1, and fluxes were overall greater in 
the north than in the south by a factor of 5. During SOIREE, Bowie et al. (2001) reported 
biogenic iron fluxes ranging between 19 to 47 nmol m
-2 d
-1 derived from POC export 
measured on 70 µm filters. Most of the values obtained in this work fall within this range, 
except for a few occasions (Stations M3 15449#2; M8E 15533#1 M3 15573#2, M3 15620 
and 15628) where export was greater than 100 nmol m
-2 d
-1. These values are consistent 
with an island source of Fe to the waters north of Crozet.  
 
On average 102 nmol m
-2 d
-1 of acid leachable iron was exported in the north, whereas 
only 28 nmol m
-2 d
-1 were exported in the south. Another difference in export is noted for 
acid leachable aluminium, 0.91 µmol m
-2 d
-1 in the north relative to 0.49 µmol m
-2 d
-1 on 
average in the south. 
 
Station  
234Th flux  
dpm  m
-2 d
-1 
C:Th  
µmol dpm
-1 
POC 
 mmol m
-2 d
-1 
LPFev  
nmol m
-2 d
-1 
LPAlv  
µmol m
-2 d
-1 
15494#2  M3  1845  8.3 15.3 28.1 0.82 
15499#2 M3  813  6  4.88  302  2.27 
15503#2  M2  740  7.2 5.33 7.06 0.10 
15511#1  M6  573  10.1 5.79 21.4 0.33 
15517#2  M3  1965  7.1 13.9 19.3 0.58 
15524#1  M7  2352  6.1 14.3 12.9 0.21 
15533#1 M8E  1619  9.4  15.2  120  2.23 
15539#2  M8W  2232  6.1 13.6 5.32 0.24 
15563  M10  1933  7.2 13.9 9.30 0.17 
15573#2 M3  2744  10.4  28.5  138  1.71 
15591  M3  2550  9.9 25.2 39.0 0.31 
15595  M6  2449  8.2 20.1 79.4 1.39 
15604  M2  2734  8.8 24.1 4.25 0.13 
15620 M3  2147  7.1  15.2  336  1.40 
15628 M3  2235  7.5  16.8  115  0.09 
North 2039  7.74  16.1  102  0.91 
South 1624  8.58  13.8  28  0.49 
 
Table V - 2: 
234Th export (dpm m
-2 d
-1), C:Th (µmol dpm
-1) and POC export (nmol m
-2 d
-1) from Paul 
Morris and calculated LPMev at each station during D285 and D286. 
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On Figure V - 7, the latitudinal variation of POC, LPAlv and LPFev export is shown for 
the first two CROZEX cruise. During D285, it is clear that more acid leachable iron was 
exported at the northern sites. The same phenomena can be observed during D286, 
despite the POC export being similar in the two regions. 
 
Figure V - 7: Latitudinal variation 
234Th derived POC export, LPAlv and LPFev during D285 (top) and 
D286 (bottom).  
The purple long dash dotted line represents the latitude of the Crozet Islands. 
 
In the following section, the relationship between POC export and LPFev will be 
investigated together with an attempt to illustrate with the data available the various 
sources and sinks of iron in the Crozet system. Additionally, estimates of the residence 
time of iron in the upper water column will be described. 
5  Discussion 
 
The influence of iron enrichment from the Crozet Islands on downward POC export is a 
key issue in answering whether increased iron supply will elevate carbon sequestration to 
the deep ocean and this was one main biogeochemical hypothesis to be tested in this 
work. Chapter Five – Building an iron budget 
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5.1  Relationship between the export of POC and iron 
 
By using calculated 
234Th fluxes, it was possible to estimate the POC and the total and 
acid leachable particulate metal exports combining C:Th and Me:Th ratios at a series of 
stations over the first two cruises. Large differences were visible between D285 and 
D286, the second leg being marked by a small bloom (0.6 µg L
-1 of Chl a) occurring at 
M6 associated with a POC export of nearly 20 mmol m
-2 d
-1 in January 2005. During 
D285, it is clear that POC export is closely linked with LPFe and PFe exports (Figure V - 
8) except for the second occupation of station M3 (Station 15499). Pollard et al. (2007b) 
demonstrated that this second occupation of M3 was characteristic of HNLC water 
advected from south of the Crozet Plateau, probably explaining the low POC export at 
this time.  
 
Figure V - 8: POC and LPFe export (left) and POC and PFe export (right) at all stations during D285 and 
D286. A distinction is made between Northern (♦) and Southern (◊) sites. 
 
In addition to this, the last three occupations of M3 were centred in a blooming eddy close 
to the M3 location (Allen et al. 2006). It was hypothesised that the bloom was fuelled by 
entraining nutrient rich coastal waters from the local Île de la Possession which were then Chapter Five – Building an iron budget 
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vertically mixed with water in the centre of the eddy. Although the general residence time 
for water entering the bloom area to the north of the islands is typically 100 days, the area 
immediately north of the islands (M3) is probably experiencing more hydrodynamic 
variability, thus explaining these differences.  
 
During the second leg, the relationship between POC and iron fluxes in less evident, 
although a relationship appears between the total Fe export and the POC export, 
suggesting that some of the refractory fraction could be available to the phytoplankton. 
 
In  Figure V - 9 is shown the latitudinal variation of the POC:LPFe ratio. This 
demonstrates that enhanced carbon export in the north is closely linked to the acid 
leachable iron export, except for the second occupation of M3 as mentioned just above. 
 
Figure V - 9: Latitudinal variation of POC:Fe ratio during D285. 
The red circle highlights M8E station, which has a similar behaviour as HNLC waters (Read et al., 2007). 
The arrow indicates where the sample “should” fit on the plot. 
 
5.2  Preliminary iron flux estimates for the surface waters to the 
North of the Crozet Islands 
 
A budget for iron has been established using all the fluxes calculated in this study and is 
presented on Figure V - 10. It was impossible to build a budget for aluminium as no 
dissolved data is available to complement the particulate data. 
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This iron budget provides one of the first quantification of iron sources and sinks around 
the Crozet Islands. The greatest source of dissolved iron is from lateral advection from the 
islands, followed by atmospheric and vertical inputs. The major sink is by adsorption of 
acid leachable iron onto biogenic material that sinks out of the mixed layer.  
 
Figure V - 10: Main pathways of DFe in nmol m
-2 d
-1 into the bloom area around the Crozet Islands and 
labile iron removal term, combining the main circulation paths (green lines), and a SeaWIFS chlorophyll a 
image for the austral summer 2004-2005. 
 Note that the removal term in yellow font and marked with an asterisk represents the acetic acid leachable 
iron flux. The average fluxes are in italics, the ranges are in brackets.  Chapter Five – Building an iron budget 
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However, unknown sources remain such as colloids and small particles that might be 
advected to the bloom area. There is also a substantial difference between the input and 
removal terms on average, but this difference is variable during the summer and the 
location. Station M3 is a good example of the variability as POC export ranged from 5 to 
28 mmol m
-2 d
-1 and LPFev ranged from 25 to 302 nmol m
-2 d
-1.  
 
Moreover, the acid leachable fraction may not represent the entire biogenic iron fraction 
as mentioned in Chapter Four. If the total Fe export is included in the removal processes, 
then the iron budget is largely unbalanced, as shown on Figure V – 11.  
 
 
 
 
Figure V - 11: Main pathways of DFe in nmol m
-2 d
-1 into the bloom area around the Crozet Islands and 
removal terms combining the main circulation paths (green lines), and a summer averaged SeaWIFS 
chlorophyll a image for the austral summer 2004-2005. 
 Note that the removal term in red font represents the total particulate iron flux. 
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Nonetheless, as hypothesized previously, the particles are thought to originate from the 
islands, and this input of particles is not included in the horizontal dissolved iron flux. 
This leads to the conclusion that the majority of the particles advected to the bloom area 
are not in a bioavailable form to the phytoplankton and that only a small fraction is 
transformed (typically 1% if using the leachable iron flux as a “bioavailable” flux) and 
taken up by the organisms. Moreover, the flux of non bioavailable particles must be of the 
same order of magnitude than the total Fe vertical flux to balance the budget. This is 
illustrated in Figure V – 12. 
 
 
Figure V - 12: Main pathways of DFe and removal processes in nmol m
-2 d
-1 into the bloom area around the 
Crozet Islands combining the main circulation paths (green lines), and a summer averaged SeaWIFS 
chlorophyll a image for the austral summer 2004-2005.  Chapter Five – Building an iron budget 
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5.3  Residence time of iron in surface waters  
 
Finally, it is possible to estimate the residence time of iron in the waters surrounding the 
Crozet Islands. If POC:LPFe molar ratio found at the base of the mixed layer is 
considered to be similar to that in the overlying water column, then it is possible to 
calculate the LPFe concentrations by multiplying this ratio with the POC concentrations 
(S. Seeyave data) in the vertical profiles obtained at each station. Then, integrated LPFe 
concentrations can be calculated for the mixed layer, and the residence time estimated 
using the individual vertical fluxes calculated in the previous section. The detailed results 
are shown in Appendix IV and summarized in the table hereafter. 
 
Site Station 
Depth 
 m 
Integrated 
LPFe 
nmol m
-2 
LPFe flux  
nmol m
-2 d
-1 
Residence 
time  
days 
M3 15494 200  2565  28.1  91 
M3 15499 100 36824  302  122 
M2 15504 150  1111  7.06  157 
M6 15507 175  2873  21.4  134 
M3 15518 175  1452  19.3  75 
M7 15525 150  1125  12.9  87 
M8E 15532  200  5553  120  46 
M8W 15538  150  384  5.32  72 
M10 15562 100  371  9.3  40 
M3 15573 125  2718  138  20 
M3 15589 100  1339  39  34 
M6 15596 100  2892  79.4  36 
M2 15606 150  199  4.25  47 
M3 15623 80  12032  336  36 
M3 15628 80  5512  115  48 
 
Table V - 3 – Summary of results of integrated LPFe and iron residence time at all stations. See Appendix 
Four for detailed calculations of integrated DFe and LPFe. 
 
The residence times are highly variable throughout the sampling period, highlighting the 
complexity of the processes occurring. Overall, these estimated values of iron residence 
time are consistent with the 100 days residence time of Fe estimated by Frew et al. 
(2006), in oligotrophic waters of the Sub-Antarctic Southern Ocean. The greatest Chapter Five – Building an iron budget 
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residence times were calculated in the southern sites reaching up to 160 days. The shortest 
was 20 days, at station M3. 
 
The maximum residence time and integrated LPFe correspond to a minimum in carbon 
export and usually, an inverse relationship between the residence time and carbon export 
is observed as shown in Figure V-13. 
 
Figure V - 13: POC export (mmol m
-2 d
-1) versus iron residence time (days) at the northern sites (♦) and the 
southern sites (◊). 
 
This figure shows that the residence time of iron within the mixed layer is linked to the 
POC exported out of the mixed layer. The more iron is recycled in surface waters (i.e. the 
longer the residence time is) the less POC will be exported. Long residence times indicate 
recycling within the mixed layer by the bacterial community, which is confirmed by the 
study of Zubkov et al. (2007) based on Fe uptake and regeneration rates measurements 
using 
55Fe, that showed that relative iron uptake was 8 times lower in the north than in the 
south, suggesting a faster turnover of dissolved iron in the southern sites and less 
recycling. Total microbial iron uptake rates were computed at 0.12 nmol m
-2 d
-1 in the 
northern region and at 0.02 nmol m
-2 d
-1 in the southern region. Chapter Five – Building an iron budget 
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6  Conclusion 
 
Three inputs mechanisms have been identified, leading to the natural fertilization of the 
northern sites and almost satisfying the Fe demand of the phytoplankton as estimated 
independently by Lucas et al. (2007). The combination of atmospheric, vertical and 
horizontal inputs leads to a final concentration of 0.54 nmol L
-1, and the demand was 
estimated at 0.75 nmol L
-1. The advection of smaller particles within the water column is 
likely to be another important internal source of DFe to cells, unfortunately no data were 
available to investigate this input. 
 
The vertical removal fluxes of leachable iron in large suspended particles has been a key 
element in the determination of the residence time of iron, assuming that the POC:LPFe 
ratio found at the base of the mixed layer was similar in the surface waters. The residence 
times were found to be highly variable throughout the survey, however, a clear 
relationship between the POC exported out of the mixed layer and the residence time of 
iron has been shown, suggesting that iron balance must be primarily sustained by rapid 
recycling rather than advection in the north. This conclusion is in agreement with the 
results of an earlier artificial experiment in the Southern Ocean (Boyd et al., 2000), and 
that a slower recycling was occurring in the southern sites.   
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CHAPTER VI: 
 
SUMMARY OF CONCLUSIONS AND 
FUTURE DIRECTIONS 
 
 
The aims of this project was to test the hypothesis that natural iron fertilization was 
occurring north of the Crozet islands, to quantify the possible sources and sinks of 
dissolved iron in order to establish a budget and to see if enhanced primary production to 
the north of the plateau, leading to elevated carbon export was due to an “island mass 
effect”.  
 
To do so, processes influencing dissolved iron distributions around the Crozet islands 
have been investigated and the stations occupied at Baie Américaine were of particular 
importance for this study. The first objective was to build an iron analyzer to determine 
dissolved iron concentrations at sub-nanomolar concentrations (Chapter Two), a complete 
“user manual” can be found in Appendix I and sampling details are shown in Appendix 
III. The second objective was then to use this method to determined dissolved iron in 
vertical profiles collected around the Crozet islands (Chapter Three). The third objective 
was to determine the particulate iron concentrations in suspended particulate matter that 
was exported out of the mixed layer depth in both labile and refractory phases (Chapters 
Two and Four).  Finally, the various fluxes into and out of the mixed layer, as well as iron 
residence times have been quantified and their influence on carbon export has been 
examined (Chapter Five). Each major step is considered in more detail below.
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1  Analysis of iron in dissolved and suspended particulate phases 
1.1  Flow injection analyzer 
 
A flow injection analyser, using DPD catalytic spectrophotometric detection with 
preconcentration onto an NTA resin (FIA-NTA-DPD) was chosen to investigate the 
dissolved iron concentrations in the vertical profiles collected during the two first legs of 
the CROZEX program. This technique allows measurements of total dissolved iron down 
to picomolar levels such as those encountered in the HNLC waters of the Southern ocean. 
This analyser is light, portable and can be taken at sea, allowing near real time 
measurements. It was relatively easy to build, with the help of Matt Mowlem (OED, 
NOCS) for the software development. Some problems occurred, such as the reduction of 
the reagents blanks but they were solved by adding some extra columns to clean in-line 
the reagents. The analytical performance of the FIA-NTA-DPD analyzer was generally 
satisfactory despite difficulties with the spectrophotometer and some occasional 
backpressure problems. This technique has the main advantage that samples can be 
directly preconcentrated onto the NTA resin at pH 1.7 (recovery of iron is quantitative) 
without the need of a buffer and thus lowering the isnrtument blank. Additionally this 
resin is commercially available, therefore avoiding any problems in the preparation of the 
resin as encountered, for example with the preparation of 8-HQ resin (Nédélec, 2006). 
One slight inconvenient is that at pH 1.7, iron(II) cannot be collected and hydrogen 
peroxide must thus be added 10 mins before analysis to each sample to ensure that the 
determination of the total dissolved iron (Chapter II, Lohan et al., 2006).  
 
This technique has been used successfully to determine the total dissolved iron (<0.2 µm) 
concentrations in the waters surrounding the Crozet Islands. The quality of the analysis 
was assessed using a standard approach examining the correlation of the calibration, 
precision of measurements, levels of blanks and limit of detection, values obtained for a 
certified reference material or internal seawater standard (Chapter II). The quality of the 
data was then examined by comparison with published data, and by their oceanographic 
consistency (Appendix III). 
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1.2  Two steps leaching technique 
 
A two step leaching technique has been applied on the 28 samples of large suspended 
particles (>53 µm) collected with in-situ pumps in a variety of sites around the Crozet 
Islands. Aluminium and iron concentrations in both phases were determined using ICP-
MS and are presented in Chapter Four.  
 
The samples were firstly treated with a 25% acetic acid solution in order to release the 
labile fraction of iron. Then samples were totally digested with concentrated aqua regia 
and hydrofluoric acid. Blanks were processed in the same way as samples. The accuracy 
of this method has been tested using a wide range of certified reference materials, from 
lobster hepatopancreas (TORT-2) to marine mud (MAG-1, USGS). A detailed procedure 
can be found in Appendix II, as well as a description of all the techniques employed for 
the characterization of suspended particulate matter such as POC/PON analysis and SEM 
imaging. 
 
1.3  Results 
 
DFe - Very few problems of contamination were noticed (samples collected in the upper 
15m of the water column where contamination from the ship was suspected) and the 
results of total dissolved iron in vertical profiles provide new insights into processes 
occurring around the Crozet Islands.  
 
As mentioned in Chapter One, the Crozet islands are one of the few islands systems 
(Bouvet, South Georgia or Kerguelen) in the HNLC  Southern Ocean where a bloom with 
a rather well defined spatial distribution can be observed annually. From earlier 
hydrographic surveys (Pollard & Read, 2001) it seemed highly likely that the bloom was 
constrained to the west and north by the SubAntarctic Front. However, only a small 
difference could be observed between the northern and the southern sites in the 
distribution of total dissolved iron concentrations, making the distinction between the 
supposed fertilized and non fertilized areas at first sight difficult. This difference appears 
to reflect the higher biomass to the north and its ability to remove Fe from solution. An 
important observation was that high DFeconcentrations, up to 4 nmol L
-1 were measured Chapter Six – Summary of conclusions and future directions 
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in close proximity of one of the main island, Île de la Possession. More interestingly, a 
gradient of 0.07 nmol L
-1 m
-1 was observed on moving away from the Baie Américaine, 
indicating that the islands and shelf systems were a natural source of iron. The present 
study thus provides one of the first iron data set supporting the "island mass effect" 
hypothesis around the Crozet Islands and the resulting paper is presented in Appendix III. 
 
Iron and Aluminium in large suspended particles - SPM concentrations were typical of 
the concentrations reported for HNLC regions, varying from 7 to 90 µg L
-1 and were quite 
variable depending on the time of sampling and sites. No general distinction could be 
made in terms of suspended particulate matter concentrations between the northern and 
southern sites. However, a clear relationship between the SPM and POC concentrations at 
all sites was found, indicating that the samples were mainly biogenic in origin. 
 
SEM imaging was used to characterize some of the samples in terms of phytoplankton 
species. The southern sites were made of assemblages of small diatoms, characteristic of 
iron-stressed waters. The northern sites had a variable composition in phytoplankton 
depending on the sampling time, and were dominated sometimes by Eucampia Antarctica 
or small centric diatoms. Baie Américaine sample was poor in phytoplankton and large 
particle composed of mainly iron and silica was identified by EXAFS. 
 
The maximum concentrations of Al and Fe were obtained at Baie Américaine, which 
were 100 times greater than the average measured elsewhere. This observation supports 
the hypothesis that the islands are a source of iron, among other elements. Moreover, total 
Fe and Al concentrations were greater by an order of magnitude in the north in 
comparison with the Southern sites. The fraction of the acid leachable fraction has been 
calculated and never exceeds 1% of the total fraction.  
 
It was useful to investigate the concentrations of metals within the particles on a mol per 
mass basis as well as in the water column on a mol per volume basis. In particular, the 
particles content revealed clearly that those collected in Baie Américaine were metal 
enriched in aluminium (97.1 nmol g
-1) and in iron (498 nmol g
-1). Concentrations of all 
total trace metals in seawater (i.e. mol L
-1 basis) are greater in the north than in the south, 
by at least a factor 3. The observations are consistent with an island source. 
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Overall, the concentrations considered in this study are within the range of published data. 
The highest values of Al and Fe obtained near Crozet are similar to the one reported by 
Grotti et al. (2001) in Antarctic coastal waters. If we remove BA station from the 
comparison, all the particulate trace metal data are in the range of those reported in the 
open Southern Ocean, confirming a local island source of trace metals. 
 
Fe/Al ratios were investigated in the total fraction as these ratios may indicate the relative 
importance of lithogenic material in a sample in comparison to the average upper 
continental crust ratio. Fe/Al ratios were variable throughout the sampling period but they 
confirmed that the northern sites were more enriched in aluminium and iron than the 
southern sites. At Baie Américaine stations the Fe/Al ratios approached the average basalt 
crust ratio. 
 
2  Fe budget and fluxes, and their impact on primary production 
 
Using the total dissolved iron data and particulate trace metals concentrations, it was 
possible to calculate the sources and sinks of iron using radium and thorium isotopes in 
collaboration with Alex Baker, Tim Jickells, Matt Charette and Paul Morris. The main 
results were that the horizontal advection of dissolved iron is the main source of iron to 
the northern area of the Crozet islands, and the maximum contribution of this input was 
estimated to be nearly 400 nmol m
-2 d
-1. Atmospheric inputs are not negligible as they can 
reach up to 90 nmol m
-2 d
-1  and can occur everywhere. This source may potentially 
explain the small bloom observed in the south during the austral summer 2004/2005. The 
present work also suggest that a very small fraction (1%) may actually be available to 
organisms from the large particles (>53 µm), although an important portion may be found 
in the intermediate particulate fraction (0.4-53 µm). Finally, vertical inputs represent at 
the maximum only 11% (61 nmol m
-2 d
-1) of the identified sources in this work.  
 
Scavenging of particles can be a major sink in the iron cycle (5-336 nmol m
-2 d
-1). This 
was investigated too, and was averaged up to 100 nmol m
-2 d
-1 even if the vertical export 
of acid leachable iron can reach up 336 nmol m
-2 d
-1 at some times.  
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A fraction of atmospheric, vertical and horizontal inputs of iron can be potentially directly 
available to the phytoplankton population without additional transformation, except for 
the particulate fraction. However, whilst most of the particulate fraction appears to be 
refractory, to what extent this might be available to organism is unknown. The release of 
potentially bioavailable iron supplied from shelf sources in intermediate particles could be 
an important source for severely iron-stressed algal cells but has not been specifically 
addressed here. It was possible to estimate the concentration of bioavailable iron 
accumulated over the winter of 0.54 nmol L
-1. The residence time of iron has also been 
calculated for most of the stations occupied during the survey, ranging from 20 days at 
high productivity sites to 160 days at the southern sites. 
 
From this work, it was evident that dissolved iron was transported from the Crozet Islands 
to the north and relieved the iron stressed phytoplankton community. This led to an 
enhanced primary production and carbon export, that was particularly evident during the 
first leg of CROZEX. 
3  Future directions 
 
The aim of this work was to determine whether the Crozet Islands were a source of iron to 
the surrounding waters. Several aspects of the iron cycle such as the speciation, and 
inputs of colloids and smaller particulate (0.4-53 µm) potential inputs could not be 
addressed in the scope of this study but the work here does provide a good basis for future 
investigations.  
 
Samples have been collected for organic speciation work at a set of stations where total 
dissolved iron data is available. Speciation data could help to explain how the dissolved 
iron is maintained within the mixed layer and what concentrations of ligands are present.  
 
All the samples taken for dissolved iron (typically 0.5 L) have been kept and they could 
be used for the determination of other bioactive metals, such as aluminium, copper, zinc 
and manganese. The solutions resulting from the two step leaching technique are also 
available for the quantification of these and other metals, and similar calculations would 
lead to the establishment of budgets of these elements. Incorporation of data obtained in 
the present work in models could help to gain a better understanding of the complex Chapter Six – Summary of conclusions and future directions 
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progression of the bloom and its collapse by considering important driving factors  (e.g. 
Silica drawdown, PON) and co-limitations. 
 
Future directions of work should include as well the release processes leading to iron and 
other trace elements from sediments. It would be interesting to establish vertical profiles 
of particulate iron to investigate better the POC and PFe relationships, and availability of 
Fe to organisms, and in what phases the Fe resides. One could think as well of small 
particles incubations for the study of the mechanisms that release bioavailable iron from 
this pool. Such experiments are conducted for the atmospheric particles but it would be 
interesting to think about such experiments for suspended particles. 
 
There is a need for a consensus in the determination of “labile” bioactive trace metals, as 
it is difficult to compare data sets due to the variety of techniques used by the scientific 
community.  
 
Finally, in the context of natural island fertilization in the Southern Ocean, a crucial point 
would be as well to try to investigate the pre-bloom concentrations and sample before the 
austral spring begins. This may be difficult due to weather, but would really help to 
understand the natural iron fertilization processes.  
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APPENDIX I:  
PROTOCOL FOR THE DETERMINATION 
OF TOTAL DISSOLVED IRON WITH THE 
FIA-DPD-NTA ANALYSER 
 
 
 
As explained in Chapter Two, the method developed is based on the catalytic oxidation of 
DPD by H202 prior to a preconcentration step on a NTA chelating resin, this reaction 
being monitored with a spectrophotometer (UNICAM 7825). The behaviour of the system 
during a long analytical sequence may change with time due, for instance, to an 
increasing temperature in the laboratory which may enhance the sensitivity and induce 
more bubbles in the reagents stream, potential contamination of the system after analysing 
a contaminated sample and peristaltic tubing use.  
In this appendix the instrumentation and the reagents are first described before going 
through the analytical process. All materials and procedures are described in great detail 
and some examples are also given. The instrumentation section should serve as a 
guideline for anybody wishing to build a similar analyser whereas the process and 
examples constitutes a detailed user guide.  Appendix I  
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1  Instrumentation and consumables 
 
Peristaltic Pump: Gilson Minipuls 3, 8 channels 
Peristaltic tubing: Pharmed Masterflex 
Green-Green 1.85 mm (ref: 95706-40, Cole Palmer) 
Orange-Orange 0.89 mm (ref: 95706-26, Cole 
Palmer) 
Orange-Yellow 0.51 mm (ref: 95706-18, Cole 
Palmer) 
 
Injection Valves: Two 6-ports Cheminert low-pressure valves model C22-31860 with 
microelectric 2-position actuator and ¼-28 fittings (VICI Valco Instruments, Thames 
Restek) 
3 Tee-pieces Peek 3-way junctions 
Tubing PTFE 1/16"od x 0.030" (0.75mm) id (M/1) (Kinesis PT 7) 
Heating unit Laboratory made thermostated heating system (at 25 ± 1
oC) 
NTA columns (Qiagen) made in Perspex (1.6 mm long, 2 mm i.d.) packed with NTA 
(Qiagen) resin, except for the preconcentration column, which is FIALAB factory made 
column (mini column assembly 2cm long MC-2CNME, and C-2CNME) 
Acetic acid glacial: 1L, ref A/0410/PB15 (Fisher Scientific) 
DPD: Biokemica- (HPLC) 25g (FLUKA) ref 07767 (Sigma Aldrich) 
HCl: 2.5L, ref H/1190/PB17 (Fisher Scientific) 
SBDW: obtained with sub-boiled Milli-Q water 
Hydrogen Peroxide: 1L, ref H/1820/15 (Fisher Scientific) 
Instrument control: National Instruments USB-6009 card 
Laptop: Toshiba satellite Pro 
Communication software: Software written in LabVIEW 7.1 (National Instruments 
Corp.) by Dr. Matt Mowlem (OED, NOCS)  
Data processing Software: written in LabVIEW 6.1 (National Instruments Corp.) by Dr. 
F. Nédélec 
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2  Reagents 
 
All reagents must be prepared in a clean wet station because of the hazards associated 
with them (please refer to COSHH & Risk Assessment forms for more detail). They are 
stored in acid-washed low density polyethylene bottles (LDPE) and prepared with sub-
boiled distilled water (SBDW) to minimize contamination. 
2.1 Monthly 
Prepare high purity acids and water by: 
Sub-boiling distilled hydrochloric acid: Q-HCl 
Sub-boiling distilled acetic acid: Q-HAc 
Sub-boiling distilled Milli-Q water: SBDW 
 
High purity ammonia (Q-NH3) and ammonium acetate (Q-NH3Ac) solutions are made by 
bubbling high purity ammonia gas through water and high purity acetic acid (Q-HAc). 
Please follow these instructions (courtesy of Pr. P. Statham): 
Before opening any valves check that tubing from ammonia cylinder to the clean wet 
station is in place and intact. 
a)  That there is a flow of air from the lab into the clean wet station (use a light piece 
of tissue against the gap below the front of to check this is so 
b)  The inline PTFE filter is secured and that the perforated bubbler is sitting within 
the plastic bottle of SBDW in the clean wet station 
 
Operation: 
1)  Fill 1L Teflon bottle with 750mL of SBDW 
2)  Open main valve quarter of a turn 
3)  Adjust second stage pressure to no more that 0.5 bar. 
4)  Gradually open secondary valve (attached to tube going to the bubbler) until 
there is a steady gentle stream of ammonia bubbles passing through the water in 
the bottle 
5)  Keep bubbling until saturation of the solution occurs ( typically about 2.5 hours) 
6)  Periodically (every few months) check couplings to ensure they are tight 
7)  To close down the system, shut off valve to the bubbler first, then main valve to the 
cylinder. 
 
Changing cylinders: 
 The gas regulator should be changed outside the building, so that any trace of 
ammonia can be vented to the atmosphere. 
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Emergency procedure: 
If the tubing to the wet station breaks or there is some other catastrophic leak of ammonia 
into the laboratory immediately vacate the room and: 
1.  Activate the fire alarm  
2.  Inform the security office that there is a leak of ammonia and the fire brigade will 
need to be informed to bring protective clothing and breathing apparatus 
3.  Alert the safety officer.  
4.  Ask estates staff to immediately switch of makeup air to the clean lab (as this will 
force ammonia into the building)  
 
Ammonium acetate crystals are prepared in the same way, except that the Teflon bottle 
must be weighed prior the procedure and is then is filled with 500 mL of Q-HAc. Make 
sure that the Teflon tubing is down about ¾ of the way of the bottle. The crystals take a 
few hours to form, and be careful towards the end point otherwise the Teflon tubing will 
get stuck in the bottle. Once the crystals are formed, weigh the bottle and prepare a 
saturated solution (Q-NH3HAc ) by adding SBDW in order to get a concentration of 
~16.5 M.  
 
  2.2 Daily: 
The volumes of reagents below are designed for~9hours of use. 
 
Q-HCl 1.5M: this eluting acid (1.5N) is prepared by a single distillation of trace metal 
grade HCl 6N followed by a dilution with SBDW, typically add 30mL of Q-HCl to 220 
mL of SBDW  
0.05 M DPD: DPD crystals must be kept in the fridge. Add 0.55g of DPD in 50 mL of 
SBDW and add 75 µL of Q- HCl to slow down the oxidation.  
H202 5%: add 16.5 mL of 30% (v/v) H2O2 in 100 mL of SBDW 
Acetic Acid/Ammonia buffer solution: 
Quartz-Acetic acid (Q-HAc) is prepared by a single distillation of trace metal grade of 
glacial acetic acid (Fisher). Ammonia is prepared by dissolving high purity gaseous 
ammonia in sub-boiling distilled water, using the procedure above established by Pr. P. 
Statham. 
Rinsing solution: add 13.5 mL of Q-NH3HAc to 136.5 mL of SBDW and adjust to pH 
3.2 with Q-HAc (typically 30mL) 
Buffer: add 27 mL of Q-NH3HAc to 123 mL of SBDW and adjust to pH 9.3 with Q-NH3 
(typically 10mL) Appendix I  
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3  Preparation of the standards 
 
10 μM Fe stock solution: in a polystyrene tube, add: 
- 167 μL 1000 ppm Fe(III) stock standard solution (SPEX) 
- 29.733 mL of SBDW 
- 100 μL of Q-HCl  
 
100 nM Fe(III) standard: add 300 μL of 10 μM to 29.7 mL of SBDW 
 
Standard addition to LISW. Pour some LISW in a 50 mL LDPE bottle. Then prepare the 
standards as wanted using the 100 nM standard solution. 
 
4   General Procedure 
 
4.1 Cleaning the manifold 
 
Empty the waste bottle. 
Flush 1.5N Q-HCl through the manifold using the different polystyrene tubes provided 
(one for each tube marked as “rinse sample”, “rinse rinse”, “rinse HCl”, “rinse buffer”, 
“rinse DPD”, “rinse H2O2”). Adjust the pressure on each tube, one by one, starting with 
the buffer and DPD line, then HCl, then H2O2 and finally rinse and sample lines, 
increasing the pressure gradually and slowly to avoid any back pressure problem. 
 
Flush for: 
20 min at the beginning of each analysis 
20 min at the end of the analysis, followed by a 10 mins rinse with SBDW. 
20 min after changing anything in the manifold, e.g. columns, fitting, tubing 
 
  4.2 Warming-up 
 
Switch on the spectrophotometer and all the valves. Make sure the wavelength is set at 
514 nm. Adjust it by pressing “edit” then press the arrows to get the appropriate 
wavelength. Appendix I  
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Switch on the laptop and make sure that the USB cable is plugged in correctly. Make sure 
that the green light of the DAQ-MX card is flashing.  
 
Place all the reagent bottles in-line, and check that the pressure is well adjusted on each 
tube (4.5 rpm on the peristaltic pump).  
Open LabView 7.1 and the vi entitled “IronIII_MX_II”. 
 
The timing sequence (in ms) menu should appear and look likeFigure AI- 1: Screenshot 
of LAbView 7 interface Figure AI- 1. If the last two lines are still activated, then right-
click on each of them, go to “Data operations” then click on “Delete Row” 
 
Rinsing
Loading
Rinsing
Eluting
Rinsing
Loading
Rinsing
Eluting
 
Figure AI- 1: Screenshot of LAbView 7 interface 
 
You can change the loading time (in ms) depending on the concentration of the samples. 
The time of each step must be added to the previous one. Therefore make sure that you 
change as well the rinsing and eluting times if you change the loading time.  
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Example a: currently, the sequence is set up as follow: 
35 000 msec rinsing 
5 mins (300 000 msec) loading  
25 000 msec rinsing 
3 mins (180 000 msec) eluting 
 
If you want to change the loading time to 3 mins, then the sequence to enter will be: 
35000 msec rinsing 
215000 msec loading 
240000 msec rinsing 
420000 msec eluting 
 
Do not modify the valve sequence (circled in red) as it controls the position of the 
two valves between loading, eluting or rinsing modes. 
 
In the main panel, specify a file name and make sure that the box is ticked.  
Then save the “vi” by pressing on Crtl + S. 
 
To start the analyzer, click on the arrow (“run”) on the top left of the main panel. If you 
want to modify the loading time, click on stop (top left, next to run) and don’t forget to 
save and specify another file name otherwise, it will be overwritten. 
 
Use the appropriate sequence in the LabView program, depending on the range of 
concentrations you are working with, referring to the following indications:  
 
RANGE 0.05-1nM  1-2nM  2-5nM  5-10  nM 
Loading time  7 min  4 min  1 min  15 s 
 
Let blanks run until the baseline is well-stabilized (typically wait for 20 min). The typical 
baseline value is around 0.18V and should never exceeds 0.25V.  
 
Check that the pH of the stream is between 5.5 and 6; ideal pH is 5.6. 
If not, then adjust it by adding either Q-HAc or Q-NH3 to the buffer depending on which 
pH is measured. 
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4.3 Running the samples 
 
Run a calibration (3 replicates), starting with two blanks, and then the lowest standard. 
10 min before running a sample, add 250 µL of 30% H2O2 to 25mL of sample to ensure 
that all Fe(II) is oxidised to Fe(III). 
After the calibration, run the SAFe deep certified reference material then the samples. 
Periodically, run the LISW internal standard. 
Stop the system by clicking firstly on the “START” button and then on the “STOP” 
button at the end of a cycle. 
If for one reason or another, some contamination is observed, then change the reagents 
and their bottles and start the whole procedure again (see Section 5 of this appendix for 
troubleshooting). 
 
After each day of analysis, wash the whole system following the procedure described 
above. Release the pressure on all the peristaltic pump tubes after removing the tubing 
from the reagent bottles 
Switch off everything (Gilson, heating, white extension lead, laptop) 
 
5  Troubleshooting 
 
This section presents 3 typical problems that may occur with the analyser. 
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6  Alternative version of the analyser 
 
If only one valve is available (or the second one broken!), it is still possible to do some 
analysis, by modifying slightly the manifold and the Labview sequence, by reducing the 
number of lines by two and using just one valve (i.e use the first column in the LabView 
program). For this you will need to deselect the second column: right-click on it, go to 
“Data operations” then click on “Delete entire column”. Follow the same procedure for 
deselecting the two last rows. 
The reagents remain the same. 
The modified manifold is drawn on the figure below: Appendix I  
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The sequence remain the same, there is just the need to change the sample and the rinse 
lines to match the sequence loading/rinsing.  
Example b: if you want to apply the same sequence as in example a, you will enter: 
  -385000 msecs which corresponds to a rinsing/loading/rinsing sequence of 35000, 
300000 msec and 25 000 msec during which you will have to: let the rinsing line for 
35000 msec (35 s), change to the sample line for 300000 msecs (5 mins) then let the 
rinsing line for 25000 msec (25s). Which is equals to let the rinsing line in place for 230 
sec (1min 50’) and the sample line for 5 mins after the 1
st cycle. 
  -530000 msecs, which corresponds to 180s eluting time. 
 
7  Data processing (after Nédélec et al., 2006) 
 
All files generated by the LabView program are text files. These files can easily be 
imported in Excel. 
Raw data files produced during analyses are 1-column data files, where the first column is 
the spectrophotometer signal (in Volts). These files can be very big and would have to be 
split in several files before being imported in Excel as Excel spreadsheets are limited in 
the number of rows (32000). The LabView 6.1 software designed by Dr. Nédélec during Appendix I  
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her PhD is used here as an alternative to calculate the peak area before being imported in 
Excel. 
 
Open “Data processing area” from the LabView 6.1 menu. The chart space should be 
empty (black) when opening the vi.  
Click on the white arrow on top-right of the screen, a window then opens asking which 
file to open, select a file, click OK, the data is then loaded. The screen should look like 
this: 
 
 
 
On the bottom left of the chart are the readings of the different axes: 
- Red line = Baseline 
- Yellow line = Peak height 
- Blue line = Peak start 
- Green line = Peak end 
Under the chart is a small display of the different options : 
- The cross + is to drag the axis to the position wanted 
- The middle one is a zoom function 
- The hand is to go from one peak to another by dragging the chart 
In the bottom middle of the screen are: “peak length” corresponding to the number of 
scans between [peak start] and [peak end]; the instant reading of “peak area”; a button to 
“LOG PEAK” in a table when axis are placed properly on the chart. Appendix I  
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In the top right of the screen is the table where logged peaks are displayed. 
Under the table are: the button to save the table in a file (“Log To File”); and to stop the 
program when finished (“STOP”) 
 
Click on the middle button of the chart options to zoom on one peak (only the base of the 
peak is needed) 
Click on the cross icon to be able to drag the axis. If the axis is not shown after zooming, 
call it: left-click on the cross of the axis wanted in the chart caption and select “bring to 
center” 
Drag the axis at their position : 
- The baseline (red) at the baseline level after the peak; 
- The peak start (blue) where the signal increases from the 
baseline level; 
- The peak end (green) where the signal comes back to the 
baseline level. 
 
The peak length should not exceed 834 (end of detection for a 5 mins loading sequence) 
and it is preferable to avoid taking in account bubbles shown in the baseline after the peak 
and take the end of the peak before the bubble if the signal was already back to the 
baseline level. 
When axes are positioned, click on the “LOG PEAK” button once to record the peak area 
measured in the table. The value saved is then shown for peak 1 in the table at the top 
right corner. 
NB: If the “LOG PEAK” button is pressed twice then the peak area will be logged twice. 
There is no way to erase this, the alternative is to start  from the beginning again or 
taking notes that the peak was logged by mistake twice or if the wrong peak was 
measured !! 
 
Click then on the “hand” icon to drag the chart to the next peak and start the same 
procedure. When all peaks have been logged in the table, click on the “Log To File” 
button. A window will appear asking where to save the file. The file should be named as: 
Calib[date]ToExcel for a calibration, and Samples[location] To Excel for samples 
 
NB: It is possible to open a new file afterwards, but the table needs to be emptied before 
logging new peaks otherwise new data will be logged on the same file. To empty the table, 
left-click on the table and select “Empty Table”. Then start logging peaks. 
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When finished, press the “STOP” button and close the program.The new file is a text file 
of 1 column with peak areas which can be imported in Excel. 
 
Open Excel and the file “Calib_spreadsheet.xls” or “CTDSamples_spreadsheet.xls” 
(My documents/CROZEX/data/) 
Open the file prepared as “Calib[date]ToExcel” or “Samples[location]ToExcel” (Select 
“All files” for “Files of Type:”). Press “Finish” at the Text Import Wizard. 
Copy the column of data of the imported file in column A of the spreadsheet. 
Then using the notes taken during analysis, copy and paste the peak area to the right 
solution analysed. 
For the calibration, also check that the standards concentrations are right and the 
calibration will be drawn automatically. Don’t forget to save the file with a new name.  
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APPENDIX II:  
ANALYTICAL METHODS FOR 
DETERMINING THE ELEMENTAL 
COMPOSITION OF SUSPENDED 
PARTICULATE MATTER (SPM) 
 
 
 
In this appendix the two-step acid attack for the release into solution of trace metals in 
SPM followed by ICP-MS analysis, the analytical processes for POC/PON and the 
preparation for SEM imaging are described. The rationale for the choice of leach methods 
is given in Chapter Two. All these methods were applied in this thesis and led to the 
results presented in Chapter Four. 
 
1  Consumables 
 
Acetic acid glacial: 1L, 99.8%, Primar grade (Fisher Scientific) 
Hydrofluoric acid: 500 mL, 49%, Optima grade (Fisher Scientific) 
Nitric Acid: 1L, Primar grade (Fisher Scientific) 
Sub Boiled Distilled Water: obtained with sub-boiled distilled Milli-Q water Appendix II 
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Sulphurous acid: 2.5L, Laboratory reagent grade (Fisher Scientific) 
Centrifuge tubes: box of 500, 10 mL (Sarstedt) 
Cyclopore filters: Whatman Cyclopore 0.4 µm pore size, box of 100 (Fisher Scientific) 
Standards for ICP-MS analysis (SPEX) 
Silver cups: box of 200, 12.5 x 5 mm (Elemental Microanalysis Ltd)  
Polysulfone filtering unit 
Clean Teflon pots 
Gridded tray: Microplate Millipore MultiScreen 96 well polypropylene tray cell (Fisher 
Scientific) 
Tweezers: clean plastic (for trace metals) and stainless steel (POC/PON) 
Foil 
 
1.  Sequential Leaching – detailed protocol 
 
After collection, the folded filters were stored frozen until analysis. All the following 
operations were performed in a clean laboratory (Class 100), A general overview of the 
processes is shown in the figure below. 
 
 
Figure AII- 1 Flow diagram of the processes involved for the determination of the elemental 
composition of SPM 
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1.1  Sea salt removal 
 
- Wash off all the material from the nylon mesh with a known volume of SBDW using 
clean plastic tweezers above a polysulfone filtration unit loaded with a 0.4 µm clean and 
pre-weighed Cyclopore filter. Whilst rinsing, pipette out 20 µL onto another Cyclopore 
filter (0.2 µm pore size) for Scanning Electron Microscopy (see Section 5 of this 
appendix), that will be kept in the fridge until analysis. 
- Freeze dry the nylon mesh overnight then weigh it and by comparison with the initial 
dry weight determine if there is any significant loss of material that may have been locked 
up in the pores of the filter.  
- Freeze dry the Cyclopore filter for 12 hours and weigh it to determine the mass of 
material collected (m). Take a small sub-sample, typically 1.5 mg into a pre-ashed and 
pre-weighed silver cup for particulate organic carbon and nitrogen (POC/PON) analysis, 
and reweigh to have an accurate mass of SPM. 
 
1.2  1
st Leach: 25% acetic acid leach 
- 25 % Acetic acid solution is made from some sub-boiled distilled acetic acid and sub-
boiled distilled water  
- In clean Teflon pots (15 mL), add a known volume of 25% Acetic acid to the Cyclopore 
filter that will fully cover the filter and leave it for 2 hours at room temperature. 
- Pour the solution into a 10 mL clean centrifuge tube  and centrifuge at 2500 rpm for 15 
minutes. 
- Transfer the overlying solution to clean Teflon pots (30 mL screw cap) and take it to 
dryness on a hotplate (110°C). Add 4 mL of 2% Q-HNO3 to the residues then keep this 
solution for analysis on the ICP-MS.  
- Pre-weigh another series of clean Teflon pots that are going to be used to contain the 
refractory residue from the 1
st leach. Rinse out the tube the refractory residue with SBDW 
directly into the pot (15 mL; screw cap) then dry it on a hot plate at 140°C, to be ready for 
the second leach. 
 Appendix II 
  XVII
1.3  Total digest 
- After the 1
st leach, the refractory fraction is brought into solution by a total digestion 
using aqua regia and hydrofluoric acid (HF), which completely releases the trace elements 
including those in the aluminosilicate phases  
- The reagents (HCl, HNO3, HF) used in the dissolution procedures must be all high 
purity, or double-sub-boiled distilled acids (HCl, HNO3). All operations must be 
performed in a clean room. 
- Add 2.4 mL of concentrated aqua regia, and heat for 24 hours at 140°C, Teflon pots 
capped. 
- Taken to dryness at 140°C on a hot plate 
- Add 2 mL of concentrated hydrofluoric acid (HF) and 0.3 mL of nitric (HNO3) acid. Let 
the solution dissolve at 140°C for 24 hours.  
- If any residual organic matter after the previous step is noted, further digest it by a 
heating evaporation cycle with more HNO3 and HF as necessary  
- Add 2mL of 6M HCl and heat for 24 hours at 140°C to drive off the fluorides, Teflon 
pots capped.  
- Take the solution to dryness at 140°C on a hot plate 
- Prepare the final digest solutions: add a known mass of 2% HNO3 to the residues and 
keep the resulting solution in clean 15mL LDPE bottles (Nalgene) until analysis. 
- Prepare some blank solutions (4) and treat them in the same manner as the samples. 
 
The solutions are ready for inductively coupled plasma mass spectrometry (ICP-MS) 
analysis. 
 
2   ICP-MS analysis 
The analyses of the solutions were performed on a AGILENT 7500cx series mass 
spectrometer with an integrated auto sampler and an octopole reaction cell. 
Because the response of the mass spectrometer in counts per second is directly 
proportional to the concentration of a given element in a sample, it is relatively easy to 
calibrate the system using a series of external standards of differing concentrations. It is 
therefore crucial to determine which elements are to be determined then to prepare a 
mixed standard solutions containing every element that are to be analyzed and within the 
range of concentrations expected. Appendix II 
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2.1  Preparation of mixed standards and internal standard solutions 
 
For this work, the mixed standards were prepared in the range of 0.1 to 200 ppb .To do 
so, prepare the following solutions:  
- 2% nitric acid solution: 10 mL of concentrated sub-boiled distilled nitric acid + 
490 mL of SBDW 
- 50 ppm mixed standard solution from 1000 ppm stock standards: 0.5 mL of each 
standard made up to 10mL with SBDW 
- 1 ppm mixed standard solution from 50 ppm mixed standard: 200 µL of 50 ppm 
+ 9.80 mL of 2% nitric acid solution 
- 100 ppb solution from 1 ppm mixed standard: 100 µL of 1 ppm + 9.9 mL of 2% 
nitric acid solution 
- finally, make up 0.1 and 1 ppb using 10 ppb solution; 5 and 10 ppb using 100 
ppb standard and 50,100 and 200 ppb from 1ppm solution. The volumes to use are 
shown in the table below: 
 
 Blank  0.1 ppb  1 ppb  5 ppb  10 ppb  50 ppb  100 ppb  200 ppb 
Mixed standard  -  100 µL  1 mL  0.5 mL  1 mL  0.5 mL  1 mL  2 mL 
2% nitric acid solution  10 mL  9.9 mL  9 mL  9.5 mL  9 mL  9.5 mL  9 mL  8 mL 
 
Table AII- 1 Volumes of mixed standard solution and 2% nitric solution necessary for the 
preparation of the calibration. 
 
Tuning solution was a 10 ppb solution of Li, Y, Ce, Tl and Co in 2% HNO3 solution and 
the rinsing solution was (2.5% HNO3 + 0.5 HCl solution The argon flow was set up at 
0.95L min
-1.This series was designed to cover the range of concentrations encountered 
with the samples from CROZEX. If one sample is found to fall significantly outside of 
this range, it will be diluted by a greater factor and run again. 
 
It is also necessary to prepare an internal standard which consists of one or more elements 
that are known to be absent or present at negligible concentrations in the sample. They are 
added to each sample at a known concentration so that any variation in the intensity of 
their signal can be used to correct the data for other elements. This correction is usually Appendix II 
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made automatically by the software. To prepare the internal standard, follow this 
protocol: 
 
- Prepare the internal standard solution: 400 ppb of Rh and Bi.  
-  Prepare first a 100 ppm Rh/Bi solution from 1000 ppm stock standard: 1mL of 
each + 8 mL of 2% nitric solution 
-  400 ppb solution from 100 ppm standard: 0.2 mL of 100 ppm standard + 49.8 mL 
of 2% nitric solution. 
 
2.2  Running the samples on the ICP-MS 
 
The first thing to do is to load the method where the calibration parameters and 
interference corrections are defined. The pumping times are also set up at this stage. The 
pumping times were: the sample was loaded for 30 s followed by a stabilization time of 
30s. The pump speed was 30 rps (round per second). After analysis, the sample line was 
rinsed for 30 s in SBDW then for 60 s in 5% nitric solution to ensure no carry over of 
sample or standard. 
 
The analytical ICP-MS sequence was programmed as follows: 
-  Run two blanks 
-  Run the series of standards 
-  Run two blanks 
-  Run the samples 
-  Every 15 samples run one blank, one standard (e.g. 10 ppb), one blank 
 
The data processing procedure includes linear drift correction, interference corrections, 
instrument blank subtraction, calibration with international standards and a dilution 
correction. All these corrections are done automatically by the software provided. 
Usually a dilution factor of 10 was applied to the first leach samples, and a dilution 
between 40 to 1600 for the total leach samples. Note that the mass of material removed 
for POC/PON analysis must be subtracted for the final calculation of concentrations. 
Accuracy, precision and blanks are reported in Chapter Two. Appendix II 
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3  Particulate Organic Carbon and Nitrogen analysis 
 
As seen in Section 1 of this appendix, the samples were collected directly in pre weighed 
and combusted silver cups. The samples need to be manipulated with tweezers above a 
surface covered with combusted foil to get a clean surface to work on.  
 
Based on a modified version of the Verado et al.  method (1990),  samples are first 
fumigated with concentrated sulphorous acid in a vacuum desiccator for 48 hours. To do 
so, in a plastic desiccator (without the desiccant), pour some concentrated sulphurous acid 
(fresh) directly in the bottom of the desiccator, then place the silver cups on the plastic 
tray above the acid. As this acid is very noxious, this work has to be done in a fume hood. 
The silver cups containing the samples must be fumed under vacuum for 48h.  
After this, dry samples again at 60°C for a further 48 hours but leave them in the drying 
oven until you are ready to pellet them.  
Pellet the silver cup at the correct size to get the sample into the POC analyzer auto 
sampler.  
Once samples have been pelleted, keep them in a gridded tray (96 places).  
POC and PON were measured using a Carlo-Erba NA-1500 elemental analyzer by Bob 
Head from Plymouth Marine Laboratory, after standardization with acetanilide. The 
relative standard deviation of analytical replicates was <13% (n = 3) for both POC and 
PON. Procedural blanks for C and N demonstrated that sample contamination was 
negligible (<1%) (B. Head, pers. comm.). 
 
4  Scanning Electron Microscopy 
 
Prior to examination under the SEM, aliquots (typically 60 µL) are gently pipetted onto 
25mm polycarbonate filters (pore size – 0.2μm) whilst rinsing out the cyclopore filters 
with SBDW. The filters are then sliced into quarters and mounted onto 25mm aluminium 
SEM stubs layered with an adhesive carbon coating. The samples are subsequently coated 
with 20nm of gold using a Hummer VI-A gold sputter coater.  
Imaging and analysis are undertaken using a Leo 1450VP Scanning electron microscope. 
Backscatter electron images are obtained with operating conditions using a voltage of 
20kV with a nominal probe current of 500pA, and a working distance of 19mm.   
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APPENDIX IV:  
INTEGRATED ACID LEACHABLE IRON 
IRON DATA AT ALL STATIONS DURING 
D285 AND D286 
 
In this appendix, detailed calculation of integrated concentrations of LPFe (Table I) is 
presented. 
 
Site Station 
Depth 
m 
POC 
µmol L
-1 
LPFe:C 
ratio 
LPFe 
pmol 
L-1 
Integrated 
LPFe 
nmol m
-2 
M3 15494  5  7.4  1.842E-06 13.64  76.89 
M3 15494  10  9.3  1.842E-06 17.11  141.98 
M3 15494  20  6.1  1.842E-06 11.28  257.11 
M3 15494  40  7.8  1.842E-06 14.43  300.40 
M3 15494  60  8.5  1.842E-06 15.61  318.04 
M3 15494  80  8.8  1.842E-06 16.19  304.79 
M3 15494 100  7.8  1.842E-06 14.29  344.68 
M3 15494 125  7.2  1.842E-06 13.29  314.52 
M3 15494 150  6.4  1.842E-06 11.88  283.39 
M3 15494 175  5.9  1.842E-06 10.80  223.09 
M3 15494 200  3.8  1.842E-06  7.05   
M3 15494 200       2565 
M3 15499  10  7.9  6.134E-05  487.35  4280.60 
M3 15499  20  6.0  6.134E-05  368.77  7607.87 
M3 15499  40  6.4  6.134E-05  392.02  8557.72 Appendix IV 
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M3 15499  60  7.6  6.134E-05  463.75  54.56  7570.82 
M3 15499  80  4.8  6.134E-05  293.33  34.51  8805.56 
M3 15499 100  9.6  6.134E-05  587.22  69.08   
M3 15499 100        total  36824 
M2 15504  5  5.9  1.341E-06  7.93 2.94  134.52 
M2 15504  20  7.5  1.341E-06 10.00 3.71  388.64 
M2 15504  60  7.0  1.341E-06  9.43 3.50  182.69 
M2 15504  80  6.6  1.341E-06  8.84 3.28  157.04 
M2 15504 100  5.1  1.341E-06  6.86 2.55  146.53 
M2 15504 125  3.6  1.341E-06  4.86 1.80  101.78 
M2 15504 150  2.4  1.341E-06  3.28 1.22   
M2 15504 150        total  1111 
M6 15507  5  4.7  3.647E-06 17.16 5.14  89.78 
M6 15507  10  5.1  3.647E-06 18.75 5.62  550.63 
M6 15507  40  4.9  3.647E-06 17.95 5.38  410.07 
M6 15507  60  6.3  3.647E-06 23.05 6.91  457.11 
M6 15507  80  6.2  3.647E-06 22.66 6.79  812.53 
M6 15507 125  3.7  3.647E-06 13.45 4.03  298.83 
M6 15507 150  2.9  3.647E-06 10.45 3.13  253.88 
M6 15507 175  2.7  3.647E-06  9.86 2.96   
M6 15507 175        total  2873 
M3 15518  5  6.5  1.386E-06  9.07 5.05  46.54 
M3 15518  10  6.9  1.386E-06  9.55 5.32  291.58 
M3 15518  40  7.1  1.386E-06  9.89 5.51  227.23 
M3 15518  60  9.3  1.386E-06 12.83 7.15  225.44 
M3 15518  80  7.0  1.386E-06  9.71 5.41  189.30 
M3 15518 100  6.6  1.386E-06  9.22 5.13  202.28 
M3 15518 125  5.0  1.386E-06  6.97 3.88  151.43 
M3 15518 150  3.7  1.386E-06  5.15 2.87  117.76 
M3 15518 175  3.1  1.386E-06  4.27 2.38   
M3 15518 175          1452 
M7 15525  5  11.8  9.05E-07 10.71  10.08  56.75 
M7 15525  10  13.2  9.05E-07 11.99  11.28  108.74 
M7 15525  20  10.8  9.05E-07  9.76 9.18  214.85 
M7 15525  40  13.0  9.05E-07 11.73  11.03  242.36 
M7 15525  60  13.8  9.05E-07 12.51  11.77  192.86 
M7 15525  80  7.5  9.05E-07  6.78 6.38  116.57 
M7 15525 100  5.4  9.05E-07  4.88 4.59  193.27 
M7 15525 150  3.1  9.05E-07  2.85 2.68   
M7 15525 150        total  1125 Appendix IV 
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M8E 15532  5  5.6  7.98E-06  44.98  13.54  229.17 
M8E 15532  10  5.9  7.98E-06  46.69  14.05  495.49 
M8E 15532  20  6.6  7.98E-06  52.41  15.77  947.17 
M8E 15532  40  5.3  7.98E-06  42.31  12.73  785.79 
M8E 15532  60  4.5  7.98E-06  36.27  10.92  979.10 
M8E 15532  80  7.7  7.98E-06  61.64  18.55  742.17 
M8E 15532  100  1.6  7.98E-06  12.58 3.78  643.23 
M8E 15532  150  1.6  7.98E-06  13.15 3.96  731.31 
M8E 15532  200  2.0  7.98E-06  16.10 4.85   
M8E 15532  200        total  5553 
M8W 15538  5  7.9  3.906E-07  3.07 12.43  15.66 
M8W 15538  10  8.2  3.906E-07  3.20 12.96  34.57 
M8W 15538  20  9.5  3.906E-07  3.71 15.06  71.76 
M8W 15538  40  8.9  3.906E-07  3.46 14.03  70.83 
M8W 15538  60  9.3  3.906E-07  3.62 14.68  55.79 
M8W 15538  80  5.0  3.906E-07  1.96  7.94  42.31 
M8W 15538  100  5.8  3.906E-07  2.27  9.22  92.77 
M8W 15538  150  3.7  3.906E-07  1.44  5.83   
M8W 15538  150        total  384 
M9 15553  5  8.5  3.316E-06 28.33 2.64  141.80 
M9 15553  10  8.6  3.316E-06 28.39 2.64  291.93 
M9 15553  20  9.0  3.316E-06 29.99 2.79  601.12 
M9 15553  40  9.1  3.316E-06 30.12 2.80  496.57 
M9 15553  60  5.9  3.316E-06 19.54 1.82  434.42 
M9 15553  80  7.2  3.316E-06 23.90 2.22  444.83 
M9 15553 100  6.2  3.316E-06 20.58 1.92   
M9 15553 100        total  2411 
M10 15562  5  7.6  6.637E-07  5.07 7.54  25.24 
M10 15562  10  7.6  6.637E-07  5.02 7.47  53.46 
M10 15562  20  8.5  6.637E-07  5.67 8.43  101.64 
M10 15562  40  6.8  6.637E-07  4.50 6.69  79.46 
M10 15562  60  5.2  6.637E-07  3.45 5.13  65.43 
M10 15562  80  4.7  6.637E-07  3.09 4.60  45.38 
M10 15562  100  2.2  6.637E-07  1.44 2.15   
M10 15562 100        total  371 
M3 15573  10  5.5  4.893E-06 26.68  12.98  280.71 
M3 15573  20  6.0  4.893E-06 29.47  14.34  614.03 
M3 15573  40  6.5  4.893E-06 31.94  15.54  575.65 
M3 15573  60  5.2  4.893E-06 25.63  12.47  477.12 
M3 15573  80  4.5  4.893E-06 22.08  10.75  400.60 Appendix IV 
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M3 15573 100  3.7  4.893E-06 17.98 8.75  369.75 
M3 15573 125  2.4  4.893E-06 11.60 5.65   
M3 15573 125        total  2718 
M3 15589  5  9.3  1.516E-06 14.11  59.59  69.70 
M3 15589  10  9.1  1.516E-06 13.77  58.12  136.30 
M3 15589  20  8.9  1.516E-06 13.49  56.97  274.56 
M3 15589  40  9.2  1.516E-06 13.96  58.94  269.43 
M3 15589  60  8.6  1.516E-06 12.98  54.80  313.07 
M3 15589  80  12.1  1.516E-06 18.33  77.37  275.89 
M3 15589 100  6.1  1.516E-06  9.26  39.11   
M3 15589 100        total  1339 
M6 15596  5  7.9  3.93E-06 30.94 3.23  156.40 
M6 15596  10  8.0  3.93E-06 31.62 3.30  320.98 
M6 15596  20  8.3  3.93E-06 32.58 3.40  643.73 
M6 15596  40  8.1  3.93E-06 31.79 3.32  700.72 
M6 15596  60  9.7  3.93E-06 38.28 4.00  619.72 
M6 15596  80  6.0  3.93E-06 23.69 2.47  450.21 
M6 15596 100  5.4  3.93E-06 21.33 2.23   
M6 15596 100        total  2892 
M2 15606  5  7.8  1.782E-07  1.38 4.59  7.91 
M2 15606  10  10.0  1.782E-07  1.78 5.91  20.37 
M2 15606  20  12.9  1.782E-07  2.29 7.61  45.60 
M2 15606  40  12.7  1.782E-07  2.27 7.52  38.99 
M2 15606  60  9.2  1.782E-07  1.63 5.42  34.89 
M2 15606  80  10.4  1.782E-07  1.86 6.16  25.01 
M2 15606 100  3.6  1.782E-07  0.64 2.14  25.98 
M2 15606 150  2.2  1.782E-07  0.39 1.31   
M2 15606 150        total  199 
M3 15623  5  14.9  2.146E-05  319.12  34.41  1273.34 
M3 15623  10  8.9  2.146E-05  190.21  20.51  1787.78 
M3 15623  20  7.8  2.146E-05  167.34  18.04  3724.29 
M3 15623  40  9.6  2.146E-05  205.08  22.11  1951.33 
M3 15623  50  8.6  2.146E-05  185.18  19.97  1528.25 
M3 15623  60  5.6  2.146E-05  120.47  12.99  1767.37 
M3 15623  80  2.6  2.146E-05 56.27 6.07   
M3 15623 80        total  12032 
M3 15628  5  20.5  6.942E-06  142.35  52.95  686.18 
M3 15628  10  19.0  6.942E-06  132.12  49.15  1241.73 
M3 15628  20  16.7  6.942E-06  116.22  43.23  1722.96 
M3 15628  40  8.1  6.942E-06 56.07  20.86  997.83 Appendix IV 
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M3 15628  60  6.3  6.942E-06 43.71  16.26  863.09 
M3 15628  80  6.1  6.942E-06 42.60  15.85   
M3 15628 80        total  5512 
 
Table AIV- I. Integrated LPFe data during D285 and D286. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 